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Abstract
Though active galaxies have been studied since the inception of radio astronomy,
there remain several large gaps in our understanding. Chief among these, is how
the jets possessed by the radio loud variety are ignited. A sub-population of radio
galaxies known as compact symmetric objects (CSOs) seem to possess newly formed
radio jets (100s to 1000s years old). Selecting these sources from the VLBA Imaging
and Polarimetry Survey (VIPS), a survey of over 1000 compact radio sources, yields
the opportunity to establish an understanding of these sources and what might have
caused their recent radio activity.
Starting with the VIPS survey we identiﬁed 120 CSO candidates, and then performed multi-frequency followup observations to either conﬁrm or deny them as
CSOs. We have conﬁrmed 24 CSOs within VIPS and 33 candidates remain. Two of
the newly identiﬁed CSOs exhibit linearly polarized emission, a rare property within

viii
the class. The statistics of the VIPS CSO sample are also investigated to shed light
on these nascent radio galaxies.
Detailed analysis was performed on two particular sources, the newly classiﬁed
CSO J11584+2450 and complicated core-jet J16021+3326, in identifying these atypical sources. The observations of CSOs are interpreted within the AGN uniﬁcation
paradigm. The observations of H I absorption toward their cores and polarization of
CSOs both tentatively support uniﬁcation.
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Glossary
α

The spectral index. The power relationship of the ﬂux density
between two given frequencies.

β

The angle the electric vector polarization angle is rotated through
due to the passage of the electromagnetic ﬁeld through a magnetized plasma via Faraday rotation.

λ

The observed wavelength.

ν

The observed frequency.

AGN

Active galactic nucleus. The center of activity for galaxies whose
luminosity is largely non-stellar in origin, instead powered by
accretion onto a supermassive black hole.

Core

The base of the jet(s) in a radio loud AGN.

CSO

Compact symmetric object. A dual-lobed, radio loud active
galaxy whose jets are oriented in the plane of the sky and is
smaller than 1 kiloparsec.

CSS

Compact steep-spectrum source. An unresolved or barely resolved radio source on arc-second scales whose luminosity function peaks at a frequency less than 500 MHz
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DDRG

Double-double radio galaxy. A radio source that shows evidence
of two separate epochs of activity via two sets of disconnected
bipolar lobes, with one set being farther from the core.

Faraday Rotation The eﬀect within magnetized plasmas where the right and left
circular polarizations travel at diﬀerence speeds causing a rotation of the plane of polarization for linearly polarized emission.
FFA

Free-free absorption, or Bremsstrahlung absorption. Absorption
of electromagnetic energy by unassociated electrons.

GPS

Gigahertz peaked spectrum source. An unresolved or barely resolved radio source on arc-second scales whose luminosity function peaks between 500 MHz and 10 GHz.

HI

Neutral atomic hydrogen, which emits emission at a rest frequency of 1420 MHz due to the hyperﬁne splitting of the ground
state.

Hotspot

The interface where the jet hits the ambient medium.

Jet

The stream of relativistic ions which emit bi-directionally from
radio loud AGN.

Lobe

The volume ﬁlled by the diverted jet material after it encounters
the hotspot.

MSO

Medium-sized symmetric object. A dual-lobed, radio loud active
galaxy whose jets are oriented in the plane of the sky and is
between 1 and 15 kiloparsecs in extant.

NRAO

The National Radio Astronomy Observatory is a facility of the
National Science Foundation operated under cooperative agreement by Associated Universities, Inc.
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RM

Rotation Measure. A metric that measures how the polarization
angle is Faraday rotated as a function of frequency.

SMBH

Supermassive black hole. A 107 − 1010 M⊙ black hole which is
currently believed to reside in the center of most galaxies.

SBBH

Supermassive binary black hole. A binary system of supermassive black holes likely due to the merger of two galaxies, each
with a SMBH in its center.

SDSS

Sloan Digital Sky Survey. A spectrographic and redshift optical
survey covering more than 35% of the sky.

SSA

Synchrotron self absorption. Reabsorption of electromagnetic
energy by ions spiraling in magnetic ﬁelds.

VIPS

VLBA Imaging and Polarimetry Survey. A survey consisting of
high resolution (∼3 mas) 5GHz observations of 1127 sources.

VLBA

Very Long Baseline Array. A dedicated array of ten 25m dishes
spread across the U.S. and used in a VLBI observing mode.

VLBI

Very Long Baseline Interferometery. A technique where disconnected elements can be used as an interferometer, yielding the
highest resolution available within astronomy.
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Chapter 1
Introduction

1.1

Radio Astronomy
In conclusion, data have been presented which show the existence of electromagnetic waves in the Earth’s atmosphere which apparently come from
the direction that is fixed in space.

This was how Jansky (1933), a radio engineer working for Bell Labs, referred
to the ’atmospheric static’ he observed with the ﬁrst radio telescope in a paper
titled Electrical Disturbances Apparently of Extraterrestrial Origin (Fig. 1.1). It was
innovators such as Karl Jansky and Grote Reber who ﬁrst detected, analyzed and
mapped extraterrestrial radio frequency electromagnetic radiation. An explosion of
interest followed on their heels as World War II radio engineers returned with their
pockets full of vacuum tubes and interest in this blossoming ﬁeld.
It was around this time the techniques of interferometry began being added to
the radio astronomer’s toolbox, starting with the Sea-cliﬀ interferometer (McCready
et al., 1947), where reﬂection of the source oﬀ the water is used as a separate path
length. The prominent advantage to using interferometry is an increase in resolution
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since the half power bandwidth (HP BW ) of an interferometric ’beam’ in radians,
due to a combination of the diﬀraction limit and the small angle approximation (Born
& Wolf 1999), is:

HP BW = 1.02

λ
D

(1.1)

where λ is the wavelength being observed and D is the distance of the longest baseline.
Thus, their use quickly became common for imaging (e.g., the Third Cambridge
Catalogue of Radio Sources; Edge et al. 1959).
The next major addition to the radio astronomer’s toolbox came after Roger Jennison developed the closure phase technique (Jennison 1958). In essence, a closed
’loop’ of three baselines is used to remove instrumental errors from the data. Reframing the explanation from Rohlfs & Wilson (2000), if we have three telescope (1,
2 & 3) yielding the three unique baseline 1-2, 2-3 and 3-1, each with a measured
phase (Θ1,2 , Θ2,3 & Θ3,1 ) where:

Θ1,2 = θ1,2 + ǫ1 − ǫ2
Θ2,3 = θ2,3 + ǫ2 − ǫ3

(1.2)

Θ3,1 = θ3,1 + ǫ3 − ǫ1
where θ is the actual phase received from the sky and ǫi represents the errors induced
at the various telescopes, we can calculate the following:
O = Θ1,2 + Θ2,3 + Θ3,1 = θ1,2 + θ2,3 + θ3,1

(1.3)

where O is the quantity known as closure.
This allowed for ’non-connected’ telescopes to be used in very long baseline interferometry (VLBI), a technique where signals of three or more radio telescopes
are correlated to synthesize a radio aperture as large as the longest baseline in the
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system. Early systems generally consisted of ’ad-hoc’ arrays of heterogeneous telescopes and subsequently suﬀered the disadvantages of being diﬃcult to work with,
noise consistently above the theoretical noise ﬂoor and technical challenges when
switching to VLBI conﬁguration.
It was recognized by the radio astronomy community that a dedicated array
speciﬁcally designed for static use as a VLBI instrument, while specialized, would
allow for a number of scientiﬁc investigations including the study of AGN, masers,
pulsars, geodesy, etc. With this in mind, the National Radio Astronomy Observatory
(NRAO) was funded by the National Science Foundation to design and construct the
Very Long Baseline Array (VLBA; Napier 1995). The VLBA consists of ten 25 meter
antennas spread across the United States (Fig. 1.2), the longest baseline of which
goes from Saint Croix, in the United States Virgin Islands, to Mauna Kea, Hawaii
(approximately 8611 km).
The stability of the VLBA meant that detailed polarimetry could now be carried
out routinely using VLBI. The ﬁrst large survey to make use of this was the VLBA
Imaging and Polarimetry Survey at 5GHz (VIPS; Helmboldt et al. 2007). The 1127
sources in this survey are a large, ﬂux limited sample well suited for studying the
statistics of parsec-scale astrophysics on a level previously impossible to accomplish.

1.2

Faraday Rotation

When studying the polarized emission from a source, it is crucial to understand what
happens to that radiation between the point of emission and the telescope. When
polarized radiation passes through a magnetized plasma, it rotates the polarization
angle as a function of wavelength (i.e., the Faraday eﬀect) due to the diﬀerence in the
speed of right circularly polarized (RCP) and left circularly polarized (LCP) emission.
Since any polarized emission can be broken down into RCP and LCP components
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(i.e., RCP and LCP span polarized space), this means that linearly polarized emission
at a given frequency, ν, going through a plasma of a speciﬁed depth, d, with a
magnetic ﬁeld, B, will have its electric vector polarization angle, E, rotated through
an angle β (Figure 1.3). This happens immediately around the emission, in the
interstellar medium, and even as the emission passes through the Earth’s ionosphere,
all of which are Faraday screens. This means that the polarization angle has been
altered since emission and doesn’t represent anything physical about the source. To
fully utilize the polarization data to understand the source, the eﬀect of the Faraday
screens needs to be removed and the wavelength dependence of the rotation gives
us a way to accomplish this. If we follow a treatment similar to Rohlfs & Wilson
(2000) by inserting the polarization angles observed at diﬀerent frequencies into the
equation:

RM =

β
λ2

(1.4)

where

e3
RM =
2πm2e c4

Z

s

ne Bds

(1.5)

0

where e and me are the charge and mass of the electron and c is the speed of light.
The intrinsic polarization angle, ψint , is then solved for via:
ψint = ψobs − RMλ2

1.3

(1.6)

Active Galactic Nuclei

Active galaxies are galaxies with a core, called the active galactic nucleus (AGN),
and presumably powered by the supermassive black hole (SMBH) residing in the
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center of the galaxy, which is brighter than the remainder of the galaxy. Although
these have a wide range of morphologies and spectral characteristics (e.g., broad
emission lines, narrow emission lines, radio jets, superluminal motions, etc), all of
this behavior is believed to be powered by accretion onto the SMBH (Lynden-Bell
1969) and interaction with the environment in and surrounding the galaxies.
Eventually a uniﬁcation model for AGN emerged, reviewed superbly by Antonucci
(1993), which claimed there were only two fundamental types of AGN, radio loud and
radio quiet. All other observed diﬀerences are proposed to be caused by diﬀerences
in the orientation of the sources in the sky (Fig. 1.4). The uniﬁcation model requires
a ’dusty torus’ surrounding the AGN to explain the variation of observed emission
for distinct orientations and there are multiple sources of veriﬁcation of these tori
from direct observations in the optical (e.g., Tadhunter et al. 1999), to modelﬁtting
infra-red data (e.g., Ramos Ameida et al. 2011) to H I absorption (see Appendix A).
It was recognized up front that this idea was likely an oversimpliﬁcation of the true
nature of these sources and that more intricate scenarios would be needed to fully
explain the entire menagerie of observed AGN.
The origin of the radio emission is intricately tied together with the physics
of the bi-directional jets present in radio loud AGN. The current jet paradigm is
that material is transferred from the accretion disk to the rotational poles of the
source. This material is either already ionized or is ionized after the transfer and
is contained by helical magnetic ﬁelds associated with the central SMBH, either
by being anchored in the spinning black hole or its accretion disk. The ions are
then accelerated outwards but are collimated by the far-reaching magnetic ﬁelds.
Accelerating ions within an electric ﬁeld generates synchrotron radiation, which is
what is observed from these sources at radio frequencies. Since synchrotron emission
has a high level of inherent polarization, polarimetry techniques such as determining
rotation measures (Equation 1.5) are especially useful.
The environment of the AGN then modiﬁes the synchrotron emission via two
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diﬀerent methods of absorption. Synchrotron self absorption (SSA) can occur if the
spiraling ions re-absorb the radiation that was emitted at their synchrotron frequency.
The regions of emission, particularly the cores of these sources, are also surrounded
by ionized gas. The free electrons within this medium can also absorb the emitted
synchrotron radiation through free-free absorption (i.e., inverse bremsstrahlung). Superimposing these absorption spectra with the emission causes a turnover, or peak,
in the SED which is characteristic of the environment surrounding the emission. A
dense, optically thick environment such as around the core exhibit ’ﬂat-spectra’ in
the 1-20 GHz range, that is observed ﬂux density is roughly constant across frequencies. More rariﬁed, optically thin areas such as lobes and hotspots, on the other
hand, generally show ’steep spectra’, less ﬂux density is detected as you observe
higher frequencies. It is often useful to evaluate how the ﬂux density changes between two given frequencies. When doing so, a power law is customarily ﬁt to the
two frequencies using

Fν ∝ ν α

(1.7)

where Fν is the ﬂux density at a given frequency ν. Putting this in context with
the observations in later chapters of this manuscript, cores tend to possess αs in the
range of 0.5 to −0.5 while the αs of lobes and hotspots are prone to be between −1
and −2.

1.4

H I absorption

The dusty torus surrounding the core predicted by AGN uniﬁcation presumably
contains neutral hydrogen, H I . Unfortunately, this is very diﬃcult to detect directly
since the hydrogen only emits weakly, though there has been some success in this
(Morganti et al., 2009). It is easier to detect the H I in absorption as long as there
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exists a bright background source of emission. The synchrotron emission from CSOs
can be absorbed by the neutral hydrogen, causing the atoms to enter an excited state
where the spins of the proton and the electron are aligned. This absorption will occur
at a rest frequency of 1420.4056 MHz, which is modiﬁed by the bulk velocity and
turbulence of the gas as well as its redshift. Since CSOs are bright, compact sources
they are well matched to provide the powerful background needed for detecting this
within the torus (see Peck & Taylor 2002 and Pihlström et al. 2003).

1.5

Compact Sources

While many radio loud sources are large (up to megaparsec scales) there exists a
population of compact sources. In order to diﬀerentiate these they started being classiﬁed based on their spectral properties. This is how the classes of gigahertz peaked
spectrum (GPS; Bolton, Gardener & Mackey 1963) and compact steep spectrum
(CSS; Conway, Kellermann & Long 1963) designations came about. As resolution
improved by employing the VLBI technique, some GPS and CSS sources were found
to exhibit a double-lobed morphology, common in larger radio galaxies, at sizes of
tens of parsecs to hundreds of kiloparsecs.
The GPSs and CSSs which exhibited the dual-lobed structure of radio galaxies
were given the morphological classiﬁcations of compact symmetric objects (CSOs;
Wilkenson et al. 1994) if they were smaller than 1 kiloparsec or medium-sized symmetric objects (MSOs; Fanti et al. 1995) if they were larger than 1 kiloparsec but less
than 15 kiloparsecs. The remainder of these were core-jet sources which were small
due to projection eﬀects and their spectral turnover was a result of relativistically
beamed emission from new jet components dominating their spectra. This causes
the emission from core-jet sources to be highly variable in comparison to the lobe
dominated CSOs and MSOs.

Chapter 1. Introduction

8

To explain the small extent of CSOs and MSOs, two diﬀerent scenarios were
proposed.
• Youth Scenario: The small size is a result of the radio activity in these sources
being a relatively new event triggered by some change in the galaxy (e.g., a
galactic merger). In this scenario the sources should get larger as a function
of age and some fraction of the population will expand out to the hundreds of
kiloparsecs to megaparsec scales observed in conventional radio galaxies.
• Frustration Scenario: Here, the size is a result of the jets not being able to
expand out beyond their local environment, either due to the density of the
medium or turbulent motions resulting in a lack of net expansion.

1.6

Age estimates of CSOs

One way to discriminate between the above scenarios is to measure the age of the
radio emission. In the frustration scenario we expect ages typical of the large-scale
radio sources of 106 to 108 years. In the youth scenario we except much smaller ages,
with a lower limit set by the light crossing time of the source. Age estimates of CSOs,
both multi-epoch kinematic estimates and spectral-turnover based approximations,
generally favor the youth scenario although there are a few counter-examples which
show environmental interaction can prevent the expected hot-spot, the working surface where the jet material collides with the surrounding medium, advances (e.g.,
Stanghellini et al. 2009; Chapter 3).
To obtain kinematic age estimates, there need to be multiple epochs of observation
for each source of interest in a given frequency. Finding a good frequency is a
matter of balancing the steep-spectrum of the hotspots with the resolution of the
source from Equation 1.1. Typically between 5 and 15 GHz is well matched for
acquiring age estimates. The data are then modelﬁt with two-dimensional Gaussian

Chapter 1. Introduction

9

representations of the data creating a, hopefully small, list of model components
for each epoch. The positions and sizes of these components are then compared
to look for shifts which represent movement within the source and typically exhibit
expansion of the overall source. The size change over the observed time range is
then used to generate a simple model of the expansion of the source and this is then
extrapolated back to a source size corresponding with zero to estimate the age of the
source.
Synchrotron age estimates, on the other hand, make use of our understanding of
the synchrotron emission radiating from these sources and provide an independent
method for evaluating ages. The energy is imparted to the ions near the base of
the jet and is then modiﬁed by both radiative and adiabatic cooling eﬀects (i.e., the
energy of the ions within the jet is dissipated), which alter the spectrum of emitted
photons. Therefore, evaluating the spectral information contained within the lobes
the separation speed of that portion of the lobe and the hotspot can be inferred,
making the simplifying assumption that the ions within the lobe are left behind by
the advancing hotspot (Myers & Spangler 1985).

1.7

Goals of this dissertation

The primary goal of this dissertation was to identify CSOs from a large uniform
sample (VIPS) to improve the understanding of the CSO population by investigating their properties (e.g., ages, environmental interaction, etc.). Additionally, it was
hoped we could double the number of conﬁrmed sources in this recently discovered
class. Since CSOs seem to represent the early stages of radio loud AGN evolution,
researching these sources is pivotal in understanding the life-cycles of the radio emission. In particular, since the radio activity has only recently begun in CSOs they
might help us to understand jet ignition processes.

Chapter 1. Introduction

10

Additionally, since CSOs are compact sources with little observable polization
and inherently low variability, they make excellent calibrators for other observations
at a variety of wavelengths and resolutions.

1.8
1.8.1

Overview of remaining chapters
Chapter 2

This chapter outlines how CSOs and supermassive binary black hole (SBBH) candidates where chosen from the VIPS sample. Multi-frequency follow-up observations
were performed with the VLBA on these candidates, and the analysis of these data
is described within the chapter where, when possible, candidates are rejected or conﬁrmed. Some interpretation of the CSO population is also carried out within this
chapter. This chapter is about to be submitted to the Astrophysical Journal.

1.8.2

Chapter 3

This chapter takes a detailed look at one of the CSOs newly identiﬁed within this
work (J11584+2450). The complicated morphology and peculiar behavior across
multiple epochs of observation make this source of considerable interest. This chapter
was published in the Astrophysical Journal, volume 684, page 153 by Tremblay et
al. (2008).

1.8.3

Chapter 4

The detailed followup of another VIPS source is described here. While it turns out
J16021+3326 is not a CSO, it proves a great example of the care needed in identifying
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Figure 1.1 Karl Jansky works on his 14.6 meter (20.5 MHz) rotatable, directional
antenna system. This is the antenna he used to discover the radio emission emanating
from the center of the Milky Way. Credit: NRAO

them and that not all GPS/CSS sources need be young. This chapter was published
in the Astrophysical Journal, volume 712, page 159 by Tremblay et al. (2010).

1.8.4

Appendix A

The CSO analyzed here, while not in the VIPS sample, is an excellent example of
some of the followup observations that will take place next on the VIPS CSOs. Here,
H I was detected in absorption towards B2353+495 and evaluated to see whether we
could determine the size and orientation of a disk or torus surrounding the core. This
appendix was published in the Astrophysical Journal, volume 139, page 17 by Araya
et al. (2010).
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Figure 1.2 The center graphic illustrates the locations of the 10 antennas that make
up the VLBA. Photographs of the individual antennas border the graphic, the location of each is noted on the photos. Credit: NRAO
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Figure 1.3 This diagram shows monochromatic polarized emission of frequency ν and
electric vector polarization angle E traveling a distance d through a plasma with
inherent magnetic ﬁeld B. Notice the rotation of the electric vector polarization
angle by β by the time it emerges from the plasma. Credit: Bob Mellish
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Figure 1.4 This diagram illustrates what various viewing angles for both radio loud
(Top) and radio quiet (Bottom) would be classiﬁed as in the AGN uniﬁcation scenario. The orange region represents the molecular, dusty torus surrounding the black
hole, the black dots represent gas, the dark gray clumps near the black hole represent the broad line region and the larger light gray clumps further out represent the
narrow line region. Credit: Figure by M. Polletta adapted from Urry & Padovani
1995
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Chapter 2

Compact Symmetric Objects and
Supermassive Binary Black Holes
in VIPS
The contents of this chapter will be submitted in a modified form as to ApJ 1 . Used
with permission

Abstract:
We present multifrequency VLBA followup observations to those VLBA
Imaging and Polarimetry Survey sources identified as likely compact symmetric objects (CSOs) or supermassive binary black holes (SBBHs). While
no new SBBHs can be confirmed yet, we have identified 24 CSOs in the
1 All

of the work within this chapter was performed by S.E.T. unless otherwise noted.
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sample, 15 of which are newly designated, and refuted 52 candidates leaving 33 candidates. This is the first large uniform sample of CSOs which
can be used to elicit some of the general properties of these sources, including evolution and environmental interaction. Two of these CSO have
detected polarized emission, the properties of which are consistent with
AGN unification.

2.1

Introduction

In 2006, the Very Long Baseline Array (VLBA) performed its ﬁrst large full polarization survey of radio sources, the VLBA Imaging and Polarimetry Survey (VIPS;
Helmboldt et al. 2007). This survey was comprised of 198 hours of 5 GHz observations, targeting a subset of 1127 sources from the cosmic lens all-sky survey (CLASS;
Myers et al. 2003). While the primary goal of the survey was to identify and characterize potential Fermi Gamma-ray Space Telescope sources, other objectives were
to identify members of two classes of rare astronomical objects, compact symmetric
objects (CSOs) and supermassive binary black holes (SBBHs).
CSOs can generally be described as dual-lobed sources whose extent is less than
a kiloparsec and that are oriented close to the plane of the sky (Wilkinson et al.
1994). The emission of CSOs is typically dominated by the hot spots where their
jets ram into the surrounding medium (Readhead et al. 1996), typically leading
to edge brightening. Multi-epoch observations show the distance between the lobes
typically increasing at ∼0.1 c (Taylor et al. 2000) which, when extracted backwards
to estimate the ages of these sources, implies that CSOs are young (Gugiliucci et al
2005). The small size and orientation of these sources make CSOs ideal for studying
both galactic evolution and the properties of the intergalactic medium surrounding
the AGN. Coupling this with the small number of heretofore conﬁrmed CSOs, 5090 (Augusto et al. (2006), Augusto (2009)) makes these objects worthy of study.
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Furthermore, the conﬁrmed CSOs to date have mostly resulted from targeted observations aimed at a high rate of conﬁrmation resulting in a lack of understanding in
how these objects ﬁt into our general understanding of AGN, which a large sample
of CSOs found within a uniform sample could provide.

The combined theories of galactic growth via mergers and the residence of supermassive black holes in the centers of most galaxies necessitate supermassive black
hole interactions if both are correct (Merritt & Milosavljević, 2005). Binary black
holes, which themselves end either in a merger event or ejection, are a naturally
expected outcome of these interactions. The observed correlation between central
supermassive black hole mass and the mass of the stellar bulge in galaxies (Magorrian et al., 1998) further strengthens the expectation of binary systems. To date,
the number of close (≤ 10 pc) SBBH candidates is small with only 0402+379 having
morphological veriﬁcation (Rodriguez et al. 2006, 2009). We hoped that our survey
of > 1000 objects would yield, and possibly conﬁrm, new SBBH candidates.

This paper explores the follow-up observations performed on sources identiﬁed
as CSO or SBBH candidates. More detailed analysis, in particular on the individual
sources comprising the VIPS CSO sample, will be carried out in a subsequent paper.
Throughout this paper, we assume H0 =73 km s−1 Mpc−1 , Ωm = 0.27, ΩΛ = 0.73,
unless noted otherwise. This paper makes use of Ned Wright’s Javascript Cosmology
Calculator (Wright 2006).
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Sample Selection, Observations and Data Reduction

2.2.1

Sample Selection

The sample selection is described in detail in Helmboldt et al. (2007). Here we
outline the VIPS classiﬁcation process to better understand the followup sample
being studied in this paper.
After imaging, an automated morphological classiﬁcation was performed on all
1127 VIPS sources. This started with the AIPS (Greisen, 2003) task SAD being
used to generate multi-component Gaussian models for each source. The sources
were then categorized as follows:

• Sources with a single Gaussian component containing ≥ 95% of the total ﬂux
density were ﬂagged as single component sources
• Sources where the two brightest Gaussian components contained ≥ 95% of the
total ﬂux density were ﬂagged as double sources
• Sources that didn’t ﬁt these criteria were ﬂagged as multiple component sources

These rough categories were then reﬁned as follows:

• Single component sources with minor/major axis ratios of > 0.6 were classiﬁed
as point sources (PSs), otherwise they were ﬂagged as core-jets (0.6 was chosen
since this was the axis ration of the restoring beam used in the VIPS images)
• Double sources where the ﬂux densities of the two brightest components match
within a factor of 2.5 were classiﬁed as CSO candidates (CSOs)
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• Multiple components sources where the components containing ≥ 95% of the
total ﬂux density were located along a single line were ﬂagged as core-jets,
otherwise they were classiﬁed as complex (CPLX)
• Core-jets longer than 6 mas were classiﬁed as long jets (LJETs), otherwise they
were placed in the category of short jets (SJETs)
• LJETs longer than 12 mas whose brightest Gaussian component was positioned
within 3 mas of the center of the structure were reclassiﬁed as CSO candidates
(CSOs)

The two separate ways sources could be classiﬁed as CSO candidates were instituted to accomodate two morphological subsets of CSOs previously observed. The
automatic source classiﬁcations were then veriﬁed visually and false classiﬁcations
corrected (87% CSOs and 71% CPLX sources were correct). This yielded 103 CSOs
and 17 CPLX sources needing follow-up observations.
The list of SBBH candidates was generated by visually inspecting the 5 GHz
images and looking for sources that appeared to have two distinct axes of emission,
possibly indicating the existence of two separate bi-directional jet ﬂows from two
cores. The CPLX sources were included in the follow-up both because they were a
good place to look for SBBHs and since non-archetypical CSOs can easily be classiﬁed
as such.

2.2.2

Observations, Calibration and Imaging

Two subsets of multi-frequency observations of the candidates were performed. A
series of 4 separate observing runs from September 2006 to February 2007 (BT088)
and another 5 observing runs were performed from June 2007 to June 2008 (BT094)
all with the VLBA. Each of these observations consisted of four 8 MHz wide IFs in
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the C, X and U bands with full polarization centered at: 4605.5 , 4675.5, 4990.5,
5091.5, 8106.0, 8176.0, 8491.0, 8590.0, 14902.5, 14910.5, 15356.5 and 15364.5 MHz at
an aggregate bit rate of 256 Mbps to maximize (u,v) coverage and sensitivity. When
the data in each band were combined, the three central frequencies were: 4844.7,
8344.7, and 15137.5 MHz. The BT088 observations had typical times on source of
∼38 minutes at C and X band and ∼116 minutes at U Band. For BT094 typical
time on source was ∼10 minutes for C and X band and ∼32 minutes for U Band.
The integrations for each source were spread out over approximately 10 hours to
maximize (u,v) coverage for the observations.
Most of the calibration and initial imaging of the data were carried out by automated AIPS and Difmap (Shepherd, 1997) scripts similar to those used in reducing
the VIPS 5 GHz survey data (Helmboldt et al., 2007; Taylor et al., 2005). To summarize, ﬂagging of bad data and calibration were performed using the VLBA data
calibration pipeline (Sjouwerman et al., 2005), while imaging was performed using
Difmap scripts described in Taylor et al. (2005). Final images were inspected and
manually improved using the Difmap program to attain the best ﬁdelity possible.
Part of the ﬁnal imaging scripts for C and U bands involved running the Difmap
command selfcal on the data starting with the clean-component model of the X band
data as the input model to help in aligning the source across all three frequencies.
Since the 15 GHz integrated ﬂux was lower than anticipated for BT094, all four
IFs were combined for the data in this band to increase the number of detections.
Additionally, the lower two and upper two IFs in each band were paired and imaged
for polarimetric analysis to maximize the spectral sensitivity.
Polarization calibration was carried out by ﬁrst aligning the polarization angles of all four IFs, within each band, to the pixel brightest in polarization for
3C279. Then, the mean polarization angles of J0854+2006 and J1310+3220 were
compared to the values recorded in the VLA/VLBA polarization calibration database
(http://www.vla.nrao.edu/astro/calib/polar/) applying any necessary interpolations
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in either time or frequency.
Additionally, spectroscopic observations were performed with the 9.2 m HobbyEberly Telescope (HET) at McDonald Observatory on 11 of the sources to obtain
their redshifts. The HET observes in the declination range −11 < δ < 73 and is
fully queue scheduled (Shetrone et al. 2007). We use the Marcario Low-Resolution
Spectrograph (LRS; Hill et al. 1998), with grism G1 (300 lines mm−1 ), a 2” slit, and
a Schott GG385 long-pass ﬁlter for a resolution of R ∼ 500 between 4150 Åand 10500
Å. Typical exposures are 2?900 s with the slit placed along the parallactic angle.
Data reduction was performed with the IRAF package (Tody 1986) using standard techniques. Wavelength calibration was performed with a neon-argon lamp.
We employ an optimal extraction algorithm (Valdes 1992) to maximize the S/N.
We perform spectrophotometric calibration using standard stars from Oke (1990).
Spectra are corrected for telluric absorptions and visually cleaned of cosmic rays.
Multiple exposures on a single target are combined into a single spectrum, weighting
by S/N. The resulting spectra can be seen in Fig. 2.1.

2.3
2.3.1

Results
Spectral Index Distribution

The 5 and 8 GHz, as well as the 8 and 15 GHz images were matched in resolution
in order to obtain a spectral index distribution across the source, where we take
Fν ∝ ν α . Each spectral index map was overlaid onto 5 GHz contours to understand
the distribution of spectral index within the source structure (Figures 2.2-2.7). The
spectral index maps for CSOs have been ’lettered’ to facilitate discussion and reference to the images, for the remaining maps for candidates and refuted CSOs the
source name was deemed to suﬃce. This analysis was automated using scripts which
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did the following:

• The resolution of the images was matched by ﬁrst adding a (u, v) taper to the
higher resolution maps until the beam was close (within roughly 0.03 mas for
5-8 GHz spectral index and 0.25 mas for 8-15 GHz spectral index) to the size
of the lower frequency.
• The beam size was set to match exactly. The map dimensions were also
matched, then the maps were spectrally ﬁt using the AIPS task COMB.
• Finally, the Caltech package program MAPLOT was used to overlay the spectral index maps onto the 5 GHz contours.

2.3.2

VLBI Recovery of Flux Density

Comparing the summed ﬂux densities of the CSOs at each frequency (Table 2.1)
with the previously observed ﬂux densities from surveys at single dish and smaller
baseline interferometers (i.e. VLSS, WENSS, NVSS, GB6) we can see whether or not
any emission is being resolved out in these high resolution observations (Fig. 2.8).
These data can also be used to see whether diﬀuse relic emission might be associated
with these sources by studying the various spectral energy distributions (SEDs). A
second turnover, such as that hinted at in the SED for J12201+2916, is indicative of
older emission disconnected from the source. When comparing the 5 GHz single-dish
observations of Becker et al. (1991), half of the sources recover the total ﬂux within
the errors and 21 sources agree within an additional 15%. The mismatch in observed
ﬂux could easily be accounted for by variability since there is ∼ 15 year separation
between the observations. A simple synchrotron self-absorption model is overlaid
onto each plot, which assumes that the optical depth, τ is proportional to ν −2.5 .
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Polarization

Polarimetric analysis was performed on all of the conﬁrmed VIPS CSOs, and polarized ﬂux was observed in two of the sources. 5-8 GHz emission from J07414+2706
and 8-15 GHz emission from J13262+395 (see Fig. 2.9 and 2.10). Polarized emission from non-CSOs will be presented in a future work, with the notable exception
of J16021+3326, whose polarization properties were investigated in the process of
classifying it as a core-jet (Tremblay et al. 2010).

2.4
2.4.1

Discussion
Definition of a CSO

Historically, the deﬁnition of a CSO has not been standardized and what one paper
considers a requirement, another often considers a common characteristic. We use a
broad deﬁnition for a CSO, keeping the term an observation-based deﬁnition even if
this classiﬁcation encompasses multiple physically distinct species.
We deﬁne a compact symmetric object as a source less than 1 kpc in extent,
where two well deﬁned hotspots or lobes are observed, which is the simplest and most
general deﬁnition we can contrive. Although the detection of a core is not strictly
required, it does provide conﬁrmation of the CSO identiﬁcation, as well as aiding us
in understanding the geometry of these systems. The hotspots in these sources are
typically discernible as being steep gradients at the ends of the lobes, a characteristic
referred to as edge brightening. Several of the candidates in which counter jet/lobe
emission was observed were still classiﬁed as non-CSOs (J08170+1958, J12035+4632,
J12582+5421, J13128+5548 & J15159+2458) due to the lack of structure in the
counter emission of these sources at 5 GHz. We decided these were most likely corejets oriented away from us enough to just detect the de-boosted counter-emission, but
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lower frequency VLBI observations could reveal them to have structure consistent
with CSOs.

2.4.2

Confirmed CSOs

Here each of the 24 conﬁrmed VIPS CSO will be brieﬂy discussed.

J07414+2706
A ﬂat-spectrum compact core is visible in both Figures 2.2A and 2.3A with lobes
to the east and west. The western lobe is appreciably brighter than its counterpart
due either to geometry or interaction with the surrounding media. Polarization is
detected in the western lobe in both X and U bands (Fig. 2.9) This source has the
highest ﬂux density ratio for the two lobes (19.35), indicating either one side of this
source is strongly interacting with its environment or the jets might not be as close
to the plane of the sky as is usually assumed in a CSO.

J07542+5324
This source has a compact ﬂat-spectrum core with lobes extending to the northwest
and southeast (Fig. 2.2B). This source is also part of the CSOs Observed in the
Northern Sky (COINS; Peck & Taylor 2000) project, where is was conﬁrmed as a
CSO.

J09062+4636
Unresolved core with weak extension to the north and south (Figs. 2.2C and 2.3B)
Note the lack of edge brightening of the extended emission from this source. This
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source was conﬁrmed as a CSO by the Compact Radio Sources at Low Redshift
(CORALZ; Snellen et. al 2004, de Vries et. al 2009) project.

J09432+1702

The brightest feature of this source at 5 GHz appears to be a ﬂat-spectrum core (Figs.
2.2D and 2.3C). The bright steep-spectrum (α ∼ −1 to −1.5) is edge brightened on
its northeastern side. The small steep-spectrum protrusion to the southeast from the
core is similarly brightened on its southeastern side.

J10351+5628

This 188 parsec source contains two steep-spectrum oppositely edge brightened features (Figs. 2.2E and 2.3D). While no obvious core was observed, the morphology
of this double system is convincingly that of a CSO. This source was also conﬁrmed
as a CSO in COINS (Peck & Taylor 2000).

J10426+2949

The two ends of this source are comprised of bright, steep-spectrum, resolved components (Figs. 2.2F and 2.3E). The eastern component is connected to extended
emission tracing back towards the west, and ending in a faint, ﬂat-spectrum component tentatively classiﬁed as the core. Automated images generated by the FIRST
(Becker et al., 1995) and the NVSS (Condon et al., 1998) surveys both hint at possible
extension to the northwest on kiloparsec scales.
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J11113+1955

The two steep-spectrum structures within this source feature opposing brightened
edges (Figs. 2.2G and 2.3F). Once again the morphology of this source is indicative
enough to classify it as a CSO even though no core was observed. It is possible the
very steep spectrum (α < −2) observed in Fig. 2.3 is an artifact of the 15 GHz ﬂux
being near the detection threshold. This was conﬁrmed as a CSO in COINS (Peck
& Taylor, 2000).

J11359+4258

Once again, the symmetric, edge brightened, steep-spectum lobes of this source indicate a CSO (Fig. 2.2H).

J11488+5924

Flat-spectrum core with diﬀuse lobes extending to the northwest and southeast (Figs.
2.2I and 2.3G). This is a previously known nearby low-power CSO (Taylor, Wrobel
& Vermeulen 1998; Peck & Taylor 2000). The apparently empty missing spectral
information in Fig. 2.2I is due to the core of this source having a strongly inverted
spectral index (α ∼ 1 − 1.5) between 5 and 8 GHz, which ’runs oﬀ’ the right side
of the spectral index scale whose values were ﬁxed to maximize information content
across all sources. This inversion is not steep enough to require substantiate free-free
absorption alone, as would be the case if we observed α ∼ 4 − 5 however. The low
power (L5GHz ∼ 1 × 1023 ) and the lack of edge-brightening of this well studied source
could make it the prototype for CSOs with FRI-like properties. This source was also
conﬁrmed as a CSO in COINS (Peck & Taylor, 2000).
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J11584+2450
The ﬂat-spectrum compact core has lobes extending to the north and south which is
most easily seen in Fig. 2.3H. These lobes then apparently sweep back and connect
with the extended to the west. A very unusual CSO which seems to be interacting
with its environment. See Tremblay et al. (2008) for deeper analysis of this source.

J11598+5820
Both ends of this 515 parsec source are extended, steep-spectrum components with
evidence of edge brightening at opposing edges (Fig. 2.2K). Again, although there
is no good candidate for the core observed, the supporting morphological evidence
is strong enough to classify this as a CSO.

J12043+5202
This source has a compact, ﬂat-spectrum core with edge brightened, steep-spectrum
hotspots to the northwest and southeast (Fig. 2.2 L).

J12201+2916
The dominant bright, ﬂat-spectrum component is identiﬁed as the core (Figs. 2.2M
and 2.3I). From the north and south ends of the core diﬀuse jets extend out to
the west and east respectively, creating an ’S-shaped’ symmetry observed in other
CSOs (e.g. 2352+495 Readhead et. al 1993; 1946+708 Taylor et al. 2009). No edge
brightening is visible in this source, and in fact one cannot even say exactly where the
jets terminate due to the FR-I morphology of this source. As mentioned in section
2.3.2, the non-instantaneos SED (Fig. 2.8) suggests possible extended emission.
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J12279+3635
This source extends 453 parsecs from end to end. At the eastern edge of the source
there is a bright, edge brightened, steep-spectrum component with multiple smaller
components tracing back towards the west, likely knots within a jet (Fig. 2.2 N). An
unresolved, ﬂat-spectrum component, likely the core, is then encountered followed by
a weak, diﬀuse component bracketing the west side. This source was part of COINS
(Peck & Taylor, 2000) where is was classiﬁed as a core-jet.

J12342+4753
The reasonably compact, ﬂat-spectrum to steep-spectrum(α5−8 ∼ −0.5 and α8−15 ∼
−1.0) core has a jet extending out to the northwest and a symmetric jet component
to the southeast (Figs. 2.2O and 2.3J).

J12448+4048
The ﬂat-spectrum, compact core has apparent jet emission to the southwest terminating in a lobe (Figs. 2.2P and 2.3K). A counter-lobe to the northeast and its
luminosity and morphology suggest this lobe is directed away from us. This source
was classiﬁed as CSO in COINS (Peck & Taylor, 2000), and was the ﬁrst QSO
classiﬁed as such.

J12545+1856
This compact source exhibits slight extensions to the east and west out of a compact,
ﬂat-spectrum center (Figs. 2.2Q and 2.3L). This seems to be a very small (8.4 pc)
CSO just resolved in these observations.

Chapter 2. CSOs and SBBHs in VIPS

29

J13113+1658
The center of this source is ﬂat-spectrum and has jet emission to both the north and
south (Figs. 2.2R and 2.3M). This is also a COINS source (Peck & Taylor, 2000),
but remained a candidate in that sample until now.

J13262+3154
This source is an archetypical example of a CSO. The compact, ﬂat-spectrum core
is centrally located between two large steep-spectrum lobes which each exhibit edge
brightening (Fig. 2.2S). The extended emission then curves towards the southwest.
An exceptional characteristic of this CSO is the detection of polarization in the
northwestern lobe (Fig. 2.10). This source was observed as part of the 2cm survey,
where Kellermann et al. (1998) described it as having CSO morphology despite their
lack of detection of the core.

J13354+5844
We did not perform follow-up observations on this source. This source was observed
as part of the CJF survey (Pearson et al., 1998) and folded into VIPS and classiﬁed
as a CSO Candidate after the follow-up list was constructed. However, Stanghellini
et al. (2009) have images conﬁrming the CSO status of this source.

J14136+1509
A peculiar, bent CSO. The core is the ﬂat-spectrum (α5−8 ∼ 0.1, α8−15 ∼ −0.5) at
roughly the center of the source (Figs. 2.2T and 2.3N). A jet heads southeast, while
a steeper spectrum counter-jet bends around to the west.
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J14142+4554
This source was observed as part of the VIPS pilot project (Taylor et al., 2005) and
did not get added to the follow-up observation list. This source has been previously
conﬁrmed as a CSO as part of COINS (Gugliucci et al., 2005) therefore we include
it in the list of VIPS CSOs.

J16449+2536
The core of this source is easily identiﬁed as the compact ﬂat-spectrum component
just east of the bright component in the center of this source (Figs. 2.2U and 2.3O).
Symmetric S-shaped jets then emerge to the north and south, terminating in edge
brightened hotspots.

J17003+3830
The compact ﬂat-spectrum core of this source has lobes both to the east and west
(Fig. 2.2V). The western lobe is notably brighter and closer to the core either due
to geometric eﬀects or interaction with the local environment.

2.4.3

Remaining Candidates and Refuted CSOs

We were unable to either conﬁrm or refute 33 of the candidates (Fig. 2.4 & 2.5
and Table 2.2). Most of these sources, 16 out of 29, were not detected at 15 GHz
which contributed to the high number of persisting candidates. The refuted CSO
candidates are included for completeness in Fig. 2.6, 2.7 and Table 2.3 but further
analysis past invalidating them as CSO candidates is outside the scope of this paper.
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Morphology & Luminosity

The connection between the morphology and other properties of radio galaxies began
when Fanaroﬀ & Riley (1974) took a sub-sample of the 3CR catalogue (Mackay,
1971) and determined that there was a distinct luminosity cutoﬀ (2.5 × 1025 W
Hz−1 sr−1 at 178 MHz with an assumed H0 =50 km s−1 ) separating diﬀuse sources
whose highest ﬂux was contained near the core (so-called FR-I sources) and edgebrightened sources that were most luminous where the jets terminated and ran into
the surrounding medium (FR-II sources).
While the canonical morphology of CSOs includes an edge-brightened lobe structure similar to what is observed in FR-II radio galaxies, several of the CSOs in this
sample exhibit the more-diﬀuse, ’wispy’ emission typically associated with the lower
powered FR-I sources. Interestingly, we plot the 5GHz luminosity of each source
in Fig. 2.11 which shows there is an apparent separation of these morphologies by
power (∼ 2 × 1025 W Hz−1 ), just like in their much larger analogues. Using this
value to solve backwards to Fanaroﬀ & Riley’s value yields a spectral index value, α,
of −1.6 which is consistent with these lobe dominated sources.
Overall, Figure 2.11 also shows a strong relationship between the size of a source
and its luminosity, with a Spearman correlation coeﬃcient of 0.88 and an associated
p-value of 1.36 × 10−5 . This could mean that the larger sources we observe are
the more powerful ones that were able to expand further, or it could be due to
their simply being older and having more time to ﬁll their lobes with high-energy
material. We also looked for a correlation between the size of the sources and the
turnover frequency generated by the simple SSA model for each source shown in Fig.
2.8. No correlation was found that would support a self-similar evolution of the radio
lobes. It has been proposed that unlike traditional radio galaxies the diﬀerence in
brightness between the two lobes of a CSO might be due more to interaction with the
surrounding medium than simply orientation based boosting/deboosting (Saikia et
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al. 2001 & Rossetti et al. 2006). When observed in large radio galaxies, the brighter
lobe is typically further away from the core due to the time of arrival diﬀerence
caused by one lobe being physically closer to us than the other. To investigate this,
we measure the arm lengths of each lobe, R, using the distance from the core to
the furthest model component in each lobe. We then plot the ratio of Rbright /Rdim
in ﬁgure 2.12. While some sources certainly exhibit this ’normal’ behavior, with a
maximum ratio of 3.26, 8 of the 15 CSOs have hotspot length ratios less than unity.
This supports the idea that environmental interaction plays a role in CSO growth
and evolution.

2.4.5

CSO Polarization

As mentioned in section 4.3.3, two of these CSOs have detections of polarized emission. In both of these sources we observed the polarized ﬂux in the brighter lobe
of the source. This is consistent with Gugliucci et al. (2007), where polarization
results for another two conﬁrmed CSOs were reported, which also detected polarized
emission only in the brighter lobe. They also found unusually high ﬂux ratios (10
& 14) for the lobes of these CSOs, whereas only one of ours is high (19 and 1.6 in
J07414+2706 and J13262+3154 respectively, whereas the median of the distribution
is 1.79). This is consistent with the AGN uniﬁcation scenario where the emission of
most CSOs is depolarized as it passes through the dusty circumnuclear torus on its
way to us, but for a few tilted CSOs (where one of the lobes would appear signiﬁcantly brighter) the emission from the end of the near lobe doesn’t pass through the
torus on its path towards us.
The three IF pairs that detected stronger polarization in each source were used
to compute rotation measures (RMs) as a function of position (Figs. 2.9 & 2.10)
wherever polarization was detected at all three pairs by ﬁtting the change in polarization angle (β) to RM =

β
,
λ2

with values ranging from 1800 to 4000 and -300 to

Chapter 2. CSOs and SBBHs in VIPS

33

500 rad m−2 for J07414+2706 and J13262+3154 respectively. The RM is dependent
~ and the electron number density (ne ) by:
on the magnetic ﬁeld (B)
e3
RM =
2πm2e c4

Z

L

~
~ · ds
ne B

(2.1)

0

where L is the path length of the Faraday screen, e and me are the charge and mass
of the electron and c is the speed of light. These rotation measures were then used
to calculate the magnetic ﬁeld polarization angle corrected for Faraday rotation and
are plotted on the right side of each ﬁgure. Following the assumptions of Gugliucci
et al. (2007) and the references therein, if we assume ne = 103 cm−3 , and lower and
upper limits for L of 0.3 and 10 pc, we calculate magnetic ﬁelds of 0.36 to 12 and
0.06 to 2.0 µG for J07414+2706 and J13262+3154 respectively.
It is worth noting that the RM changes sign from one side of the polarized feature
of J13262+3154 to the other, which is indicative of a reversal of the magnetic ﬁeld
as seen in the above equation. But since the polarized region is not well resolved
(less than 3 beams across), it does not satisfy the requirements for a RM gradient
outlined in Taylor & Zavala (2010).

2.4.6

High energy emission from CSOs

Despite theoretical expectations that CSOs might be isotropic γ-ray emitters, presumably due to inverse Compton scattering within the lobes of these compact sources
(e.g. Stawarz et al. 2008) none of our CSOs have been detected by telescopes such as
the Fermi Gamma-ray Space Telescope. It is still possible these sources are emitting
γ-rays via conventional means and that these are being beamed in the direction of
the jets. In fact, it is quite possible that some of the Blazars detected by Fermi have
a physical extent less than 1 kpc, but this information is diﬃcult to impossible to
disentangle.
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Incidence of CSOs

Using the number of conﬁrmed CSOs as a lower limit and adding the conﬁrmed
CSOs to the remaining candidates for an upper limit, we have 24-57 CSOs within
the VIPS catalogue of 1127 sources (2.1%-5.1%). Comparing this with other samples
and supersets, Peck & Taylor (2000) report CSO incidences of 11%, 4.4% and 2.1%
for PR, PR+CJ, and PR+CJ+VCS, where PR, CJ and VCS are Pearson-Readhead
survey (Pearson & Readhead, 1988), the Caltech-Jodrell Bank survey (Taylor et al.,
1994) and the VLBA Calibrator survey (Peck & Beasley, 1998) respectively. Direct
comparison of these numbers is diﬃcult since each sample had independent selection
criteria and the follow-up analysis, particularly of the VCS, was not always rigorous.
The redshift distribution of VIPS CSOs (Fig. 2.13) shows a decay in incidence
with redshift. This may be mostly due to selection eﬀects, since although the emission
from CSOs is bright it is by deﬁnition not beamed towards us and therefore not
doppler boosted. When compared to the redshift distribution of Fermi detected
ﬂat spectrum radio quasars (FSRQs) and BL-Lacertae objects (BL-Lacs), which
seem to be representative samples of those types of sources, we see that the CSOs
and FSRQs almost certainly come from independent populations with a two sample
Kolmogorov-Smirnov test (K-S test) p-value of 3.25 × 10−12 . The same cannot be
said for CSOs and BL-Lacs, with a K-S test p-value of 0.49, meaning we cannot rule
out the possibility these are from a similar population distribution.

2.4.8

VIPS SBBH Candidates

These multi -frequency follow-up observations were additionally searched through
for either:

• Two distinct ﬂat-spectrum or inverted-spectrum compact cores
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• Jet structure that cannot be easily traced back to a single point of origin

We were unable to conﬁrm any new SBBHs with these follow-up observations,
and none of the 15 remaining candidates are particularly promising (see ﬁgures 2.22.7). Making the assumption that no SBBHs were observed in VIPS, then from
the combined VIPS and Caltech-Jodrell Bank ﬂat-spectrum (CJF) sample together
only one SBBH (0402+379; Rodriguez et al. 2006) has been detected in a combined
sample of 1279 sources. Reconciling this within the current merger driven paridigm
of galaxy evolution minimally requires that our understanding of black hole merger
times, particularly the ’ﬁnal parsec problem’ of the merger stalling for small radii
(Merritt, 2006), be re-evaluated. This is consistent with Burke-Spolaor (2011) result
of ﬁnding only a single SBBH within a sample of 3114 AGN with VLBI observations,
which was also 0402+379. The detailed analysis within that paper of the 1575 sources
with redshift data suggest that black hole binaries do not stall indeﬁnitely at any
radius < 500 parsecs unless the most pessimistic estimates of merger rates hold true.

2.5

Conclusions

We have identiﬁed 24 CSOs within the VIPS sample using the spectral and morphological characteristics of each source, 15 of which were previously unclassiﬁed,
and have a remaining 33 CSO candidates (2% − 5% of VIPS). Subsequent 15 GHz
observations using higher bandwidth (≥ 2 GHz) should conﬁrm or deny at least half
of the remaining candidates. Our sample of CSOs is large enough to observe an
FR-I/FR-II distinction in both luminosity and morphology, similar to larger radio
galaxies, which has not been previously identiﬁed. Correlation is observed within
this data between the size and luminosity of CSOs, which could result either from
pile-up of emitting material if the larger sources are also older or could indicate the
ability of more powerful sources to expand more eﬃciently within their environments.
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Further evidence of the signiﬁcance of environmental interaction with CSO jets is
given by ∼ 1/2 of the CSOs having arm length ratios of the bright lobe divided by
the dim lobe less than unity.
Polarization was detected in two of these CSOs, doubling the number of known
polarized CSOs. In all four of these cases, polarization was only detected in the
brighter lobe/jet and it was usually (3/4) detected near the termination point of the
jet. This, coupled with 3/4 of the sources having unusually high luminosity ratios
for the lobes (∼ 10 − 19) is consistent with most of the inherently polarized emission
from CSOs being depolarized by the dusty molecular torus surrounding the nucleus,
and only the sources that are oriented out of the plane of the sky enough to attain a
line of sight to the end of the jets that doesn’t pass through the torus being observed
to be polarized.
Our lack of new supermassive binary black hole detections is consistent with other
comparable work, and indicates either that the ’ﬁnal parsec’ problem doesn’t exist
or that the more pessimistic projections of merger event rates could be correct.
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Figure 2.1 Optical spectra of CSOs with new redshifts from observing at the HET.
All redshifts are conﬁrmed from emission lines, although there remains systematic
uncertainty in the redshift of J14344+4236 since it is identiﬁed from only a single
line (OII at 3727 Å). Plot and redshifts provided by R.W.R. and M.S.S.
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Figure 2.2 5 GHz contour maps of VIPS CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison. When detected, a gray cross is placed
over the core to guide the reader’s eye.
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Figure 2.2 5 GHz contour maps of VIPS CSOs with 5-8 GHz spectral index map
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over the core to guide the reader’s eye.
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Figure 2.2 5 GHz contour maps of VIPS CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison. When detected, a gray cross is placed
over the core to guide the reader’s eye.
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Figure 2.2 5 GHz contour maps of VIPS CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
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over the core to guide the reader’s eye.
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Figure 2.2 5 GHz contour maps of VIPS CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison. When detected, a gray cross is placed
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Figure 2.2 5 GHz contour maps of VIPS CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison. When detected, a gray cross is placed
over the core to guide the reader’s eye.
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Figure 2.3 5 GHz contour maps of VIPS CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison. When detected, a gray cross is placed
over the core to guide the reader’s eye.
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Figure 2.3 5 GHz contour maps of VIPS CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison. When detected, a gray cross is placed
over the core to guide the reader’s eye.
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Figure 2.3 5 GHz contour maps of VIPS CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison. When detected, a gray cross is placed
over the core to guide the reader’s eye.

Chapter 2. CSOs and SBBHs in VIPS

48

Figure 2.3 5 GHz contour maps of VIPS CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison. When detected, a gray cross is placed
over the core to guide the reader’s eye.
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Figure 2.4 5 GHz contour maps of the remaining CSO candidates with 5-8 GHz
spectral index map overlays. The contour levels begin at thrice the theoretical noise
(typically ∼ 0.4 mJy for BT088 and 1.0 for BT094) and increases by powers of 2.
The color scale is ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.4 5 GHz contour maps of the remaining CSO candidates with 5-8 GHz
spectral index map overlays. The contour levels begin at thrice the theoretical noise
(typically ∼ 0.4 mJy for BT088 and 1.0 for BT094) and increases by powers of 2.
The color scale is ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.4 5 GHz contour maps of the remaining CSO candidates with 5-8 GHz
spectral index map overlays. The contour levels begin at thrice the theoretical noise
(typically ∼ 0.4 mJy for BT088 and 1.0 for BT094) and increases by powers of 2.
The color scale is ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.4 5 GHz contour maps of the remaining CSO candidates with 5-8 GHz
spectral index map overlays. The contour levels begin at thrice the theoretical noise
(typically ∼ 0.4 mJy for BT088 and 1.0 for BT094) and increases by powers of 2.
The color scale is ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.4 5 GHz contour maps of the remaining CSO candidates with 5-8 GHz
spectral index map overlays. The contour levels begin at thrice the theoretical noise
(typically ∼ 0.4 mJy for BT088 and 1.0 for BT094) and increases by powers of 2.
The color scale is ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.4 5 GHz contour maps of the remaining CSO candidates with 5-8 GHz
spectral index map overlays. The contour levels begin at thrice the theoretical noise
(typically ∼ 0.4 mJy for BT088 and 1.0 for BT094) and increases by powers of 2.
The color scale is ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.4 5 GHz contour maps of the remaining CSO candidates with 5-8 GHz
spectral index map overlays. The contour levels begin at thrice the theoretical noise
(typically ∼ 0.4 mJy for BT088 and 1.0 for BT094) and increases by powers of 2.
The color scale is ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.4 5 GHz contour maps of the remaining CSO candidates with 5-8 GHz
spectral index map overlays. The contour levels begin at thrice the theoretical noise
(typically ∼ 0.4 mJy for BT088 and 1.0 for BT094) and increases by powers of 2.
The color scale is ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.5 5 GHz contour maps of the remaining CSO candidates with 8-15 GHz
spectral index map overlays. The contour levels begin at thrice the theoretical noise
(typically ∼ 0.4 mJy for BT088 and 1.0 for BT094) and increases by powers of 2.
The color scale is ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.5 5 GHz contour maps of the remaining CSO candidates with 8-15 GHz
spectral index map overlays. The contour levels begin at thrice the theoretical noise
(typically ∼ 0.4 mJy for BT088 and 1.0 for BT094) and increases by powers of 2.
The color scale is ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.5 5 GHz contour maps of the remaining CSO candidates with 8-15 GHz
spectral index map overlays. The contour levels begin at thrice the theoretical noise
(typically ∼ 0.4 mJy for BT088 and 1.0 for BT094) and increases by powers of 2.
The color scale is ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.5 5 GHz contour maps of the remaining CSO candidates with 8-15 GHz
spectral index map overlays. The contour levels begin at thrice the theoretical noise
(typically ∼ 0.4 mJy for BT088 and 1.0 for BT094) and increases by powers of 2.
The color scale is ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.6 5 GHz contour maps of refuted CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.6 5 GHz contour maps of refuted CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.6 5 GHz contour maps of refuted CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.6 5 GHz contour maps of refuted CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.6 5 GHz contour maps of refuted CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.6 5 GHz contour maps of refuted CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.6 5 GHz contour maps of refuted CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.

Chapter 2. CSOs and SBBHs in VIPS

68

Figure 2.6 5 GHz contour maps of refuted CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.6 5 GHz contour maps of refuted CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.6 5 GHz contour maps of refuted CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.6 5 GHz contour maps of refuted CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.6 5 GHz contour maps of refuted CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.6 5 GHz contour maps of refuted CSOs with 5-8 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.7 5 GHz contour maps of refuted CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.7 5 GHz contour maps of refuted CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.7 5 GHz contour maps of refuted CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.7 5 GHz contour maps of refuted CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.7 5 GHz contour maps of refuted CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.7 5 GHz contour maps of refuted CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.7 5 GHz contour maps of refuted CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.7 5 GHz contour maps of refuted CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.7 5 GHz contour maps of refuted CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.7 5 GHz contour maps of refuted CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.7 5 GHz contour maps of refuted CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.7 5 GHz contour maps of refuted CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.
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Figure 2.7 5 GHz contour maps of refuted CSOs with 8-15 GHz spectral index map
overlays. The contour levels begin at thrice the theoretical noise (typically ∼ 0.4
mJy for BT088 and 1.0 for BT094) and increases by powers of 2. The color scale is
ﬁxed from -2.5 to 1 to facilitate comparison.

Chapter 2. CSOs and SBBHs in VIPS

87

Figure 2.8 Plotting VLBA total ﬂux for each CSO along with non-simultaneous
VLA and singledish archival observations. This shows the spectral ’turnover’ of each
source, and also how much of the expected ﬂux density (ﬁlled dots) we are recovering
with our VLBA observations, which are marked by open dots.The archival ﬂuxes in
MHz are: 74 (VLSS; Cohen et al. 2007), 151 (6C; Hales et al. 1990), 325 (WENSS;
Renglelink et al. 1997), 365 only used when no WENSS (TXS; Douglas et al. 1996),
1400 (NVSS; Condon et al. 1998), 2695 used only when no PKS (Condon et al.
1983), 2700 (PKS; Wall 1975), 4850 (GB6; Gregory & Condon 1991), 8400 (CLASS;
Myers et al. 2003). The only exception is for J1221+2916 which used Cohen et al.
(2004) and Nagar et al. (2005) for 74 and 15000 MHz respectively. Errors are smaller
than the symbols in the plot. A simple sychrotron self-absorption model (τ ∝ ν −2.5 )
is overlaid onto each plot. Plot and SSA model provided by J.F.H. but subsequent
analysis performed by S.E.T.
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Figure 2.9 (Left) The calculated Rotation Measure map of J07414+2706 generated
from 8 and 15 GHz data overlaid onto 8 GHz contours. RMs of ∼ 1800 to 4000
rad m−2 are observed, corresponding to B-Fields of ∼ ±0.36-12 µG assuming ne of
0.1 cm−3 and an L of 0.3-10 parsecs.(Right) The corrected polarization angle of the
magnetic ﬁelds (B) plotted on top of continuum for the western lobe Contour levels
1
begin at 0.45 mJy and increase by factors of 2 2 in both images.
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Figure 2.10 (Left) The calculated Rotation Measure map of J13262+3154 generated
from 5 and 8 GHz data overlayed onto 5 GHz contours. RMs of ∼ −300 to 500
rad m−2 are observed with a notable sign change across the feature, corresponding
to B-Fields of ∼ ±0.06-2 µG assuming ne of 0.1 cm−3 and an L of 0.3-10 parsecs.
(Right) The corrected polarization angle of the magnetic ﬁelds (B) plotted on top of
continuum for the north-western lobe. Contour levels begin at 2.0 mJy and increase
1
by factors of 2 2 in both images.
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Figure 2.11 Here we plot the size of the CSOs from end to end (as determined by modelﬁting the data and looking at the separation between the components describing
the edge of each jet) versus the 5GHz luminosity. The blue circles represent archtypically ’edge-brightened’ CSOs with reliable redshift data, the green squares represent
the ”edge-darkened” FRI-like CSOs, and the red triangles the ”edge-brightened”
CSOs where we had to use SDSS photometric redshift data to calculate the size and
luminosity. The gray region of the plot indicates a luminosity less than 2 × 1025 W
Hz−1 , our imposed cut between FR-I and FR-II morphology.
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Length ratio of bright lobe to dim lobe
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Figure 2.12 A histogram of the arm length ratio of the brighter lobe divided by the
dimmer one. The ratios less than 1 (indicated by the black line) likely represent
sources with one lobe brighter than the other due to strong interactions with the
environment rather than simply projection eﬀects.
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Distribution of Redshift
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Figure 2.13 Here the redshift (z) distribution of the CSOs with reliable redshift data
are plotted along with the distribution of redshifts for FSRQs and Bl-Lac object
is plotted for comparison. While the CSOs and FSRQs are clearly diﬀerent distributions, possibly due to selection eﬀects, the same cannot be said for CSOs and
BL-Lacs.

Source

Date

z

Core FRI SBBH S5GHz S8GHz S15GHz

Size

L5GHz
(W

Hz−1 )

Flux Arm Angle Object

Cand.

(Jy)

(Jy)

(Jy)

(pc)

Ratio Ratio (deg.) Type

0.270

104.8±0.0

1.50E27

19.35 1.02 159.2

VIPS J07414+2706 2006 Sept. 19

0.771

Y

N

N

0.578

0.418

VIPS J07542+5324 2007 Dec. 31

0.84⋆

N

N

N

0.185

0.083

ND

?

5.98E26

1.33

?

?

-

VIPS J09062+4636 2007 Dec. 31

0.08482

Y

Y

N

0.113

0.126

0.121

61.6†

1.90E24

?

?

?

G

VIPS J09432+1702 2008 May 16

1.5983

Y

N

N

0.269

0.253

0.185

113.4

4.32E27

2.52

VIPS J10351+5628 2007 June 30

0.454

N

N

N

1.021

0.714

0.233

187.9

7.15E26

1.32

VIPS J10426+2949 2008 May 16

0.61⋆

Y

N

N

0.264

0.122

0.045

?

3.86E26

1.49

VIPS J11113+1955 2008 May 16

0.29915

N

N

N

0.562

0.314

0.077

71.6

1.50E26

1.31

?

?

G

VIPS J11359+4258 2007 Dec. 31

1.0⋆

N

N

N

0.332

0.155

ND

?

1.65E27

1.89

?

?

-

VIPS J11488+5924 2007 June 30

0.0107516

3.26 138.5
?

?

1.76 175.9

VisS

QSO
G
-

Y

Y

N

0.417

0.385

0.279

6.6

1.08E23

1.70

0.51 157.7

G

VIPS J11584+2450 2006 Sept. 19 0.20167

Y

N

N

0.723

0.441

0.202

88.3

7.95E25

2.62

0.54 164.8

G

VIPS J11598+5820 2007 Dec. 31

1.2781

N

N

N

0.286

0.103

ND

514.8

2.63E27

1.50

VIPS J12043+5202 2007 Dec. 31

0.01⋆

Y

N

N

0.213

0.107

ND

?

4.37E22

1.51

0.68 179.3

-

VIPS J12201+2916 2008 June 26 0.0021656 Y

Y

N

0.388

0.349

0.236

1.5

7.61E21

1.25

2.11 151.1

G

N

N

N

0.610

0.296

ND

453.1

1.66E28

?

VIPS J12342+4753 2007 Dec. 31 0.3730399 Y

Y

N

0.275

0.223

0.140

80.8

1.24E26

2.35

VIPS J12279+3635 2008 June 26

1.9738

?

?

?

?

G

QSO

0.92 162.9

QSO
QSO

VIPS J12448+4048 2008 Jan. 19

0.8138

Y

N

N

0.592

0.322

0.114

217.0

1.77E27

2.31

1.86 176.1

VIPS J12545+1856 2008 June 26

0.114510 Y

N

N

0.107

0.102

0.095

8.4

3.43E24

1.13

0.80 159.0

G

Y

N

N

0.303

0.202

0.092

?

5.77E23

5.76

1.23 172.7

VisS

VIPS J13262+3154 2008 May 16 0.3680111 Y

N

N

2.045

1.246

ND

285.4

8.93E26

1.59

1.84 173.5

0.637⋄ ?

?

-

-

-

?

?

?

VIPS J13113+1658 2008 May 16
VIPS J13354+5844

NF‡

VIPS J14136+1509 2006 Nov. 4
VIPS J14142+4554

NF‡

VIPS J16449+2536 2006 Sept. 19

0.03⋆
0.59⋆
0.35⋆

N

N

0.195

0.139

0.092

?

7.51E25

0.1862 0.171⋄ ?

Y

?

-

-

-

?

?

?

0.5881

N

0.383

0.271

0.152

187.0

5.12E26

3.69

Y

N

?

?

5.09 0.469 142.7
?

?

1.31 178.8
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Table 2.1. Conﬁrmed VIPS CSOs

G
VisS
G
G
VisS
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Source

Date

z

Core FRI SBBH S5GHz S8GHz S15GHz Size

VIPS J17003+3830 2008 Jan. 19 0.23⋆ Y

N

Cand.

(Jy)

(Jy)

(Jy)

N

0.152

0.078

ND

L5GHz

Flux Arm Angle Object

(pc) (W Hz−1 ) Ratio Ratio (deg.) Type
?

2.21E25

5.29

0.46 161.3

-

Note. — Col. 1: Source Name; Col. 2 Date of observations; Col. 3: Redshift of source; Col. 4: Whether or not a core was
observed; Col. 5: Whether or not the source has ’FRI-like morphology; Col. 6: Whether or not this is a SBBH Candidate;
Col. 7-9: 5, 8, and 15 GHz integrated flux; Col. 10: The extent of the source as determined by modefitting; Col. 11: The
calculated luminosity based on 5 GHz flux; Col 12: The ratio of the integrated fluxes of the brighter lobe over the dimmer
lobe for each source; Col. 13: The ratio of the length of the brighter jet over the length of the dimmer jet; Col. 14: The angle
subtended between the jets; Col. 15: The object type as per NED where G is galaxy, QSO is quasar, VisS is an object with
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Table 2.1 (cont’d)

visible data but no designation and - only has radio data and no designation.
† Not
‡ No

measured by component separation

followup observations performed

⋆ Photometric
⋄ Flux

redshift from SDSS

density value from VIPS

References. — (1) Unpublished data; (2) Falco, Kochanek & Munoz 1998; (3) Healey et al. 2008; (4) Aller, Aller & Hughes
1992; (5) Peck et al. 2000; (6) de Vaucouleurs et al. 1991; (7) Zensus et al. 2002; (8) Xu et al. 1994; (9) Adelman-McCarthy
et al. 2005; (10) Owen, Ledlow & Keel 1995; (11) Holt, Tadhunter & Morganti 2008
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Table 2.2. Remaining VIPS CSO Candidates
Source

Date

z

SBBH

S5GHz

S8GHz

S15GHz

Size

L5GHz

Cand.

(Jy)

(Jy)

(Jy)

(pc)

(W Hz−1 )

VIPS J07502+3119

2008 June 26

0.68⋆

N

0.072

0.033

ND

1675 ± 2

1.38E26

VIPS J07530+4231

NF‡

3.5892501

N

0.398⋄

-

-

101.7 ± 2.4

?

VIPS J08316+4608

2008 Jan. 19

0.1311382

Y

0.091

0.067

ND

25 ± 1

3.87E24

VIPS J08322+1832

2006 Nov. 22

0.1533

N

0.484

0.369

0.226

36 ± 1

2.94E25

VIPS J08553+5751

NF‡

0.39⋆

N

0.119⋄

-

-

?

?

VIPS J09452+2729

2008 Jan. 19

0.68⋆

N

0.118

0.093

ND

76 ± 2

2.26E26

VIPS J10066+4836

2007 June 30

0.7⋆

Y

0.109

0.091

0.047

63 ± 2

2.24E26

VIPS J10320+5610

2007 Dec. 31

1.0⋆

Y

0.111

0.060

ND

196 ± 3

5.53E26

VIPS J11106+4817

2007 Dec. 31

0.744

N

0.140

0.079

ND

242 ± 3

3.31E26

VIPS J11434+1834

2008 May 16

0.7⋆

Y

0.326

0.230

0.088

118 ± 2

6.70E26

VIPS J12018+3919

2008 Jan. 19

2.375

N

0.214

0.093

ND

427 ± 3

9.13E27

VIPS J12105+6422

2007 June 30

0.9⋆

Y

0.121

0.088

0.029

122 ± 3

4.64E26

VIPS J12152+1730

2008 May 16

0.2686

N

0.211

0.066

ND

559 ± 1

4.37E25

VIPS J12407+2405

2008 May 16

0.3376

N

0.278

0.167

0.079

232 ± 2

6.67E25

VIPS J12477+2551

2008 Jan. 19

0.14⋆

Y

0.075

0.058

ND

31 ± 1

3.63E24

VIPS J13100+3403

2007 Dec. 31

0.96⋆

N

0.104

0.050

ND

178 ± 3

4.68E26

VIPS J13136+5458

2007 Feb. 19

0.6137

N

0.398

0.250

0.149

302 ± 2

5.92E26

VIPS J13199+3840

2008 Jan. 19

0.45⋆

Y

0.117

0.077

ND

206 ± 2

8.19E25

VIPS J13222+2645

2008 June 26

0.53⋆

N

0.223

0.072

ND

165 ± 2

2.32E26

VIPS J13242+4048

NF‡

0.4967

N

0.365⋄

-

-

118 ± 2

?

VIPS J13253+2109

2008 May 16

0.6756

Y

0.108

0.058

ND

110 ± 2

2.03E26

VIPS J13576+4353

2008 Jan. 19

0.6468

Y

0.469

0.285

0.123

121 ± 2

7.93E26

VIPS J13586+4737

2007 Dec. 31

0.237

Y

0.295

0.201

0.105

36 ± 1

1.89E25

VIPS J14344+4236

2007 Feb. 19

0.4526

N

0.304

0.194

0.075

196 ± 2

2.15E26

VIPS J14402+6108

2007 June 30

0.4456

N

0.113

0.064

ND

166 ± 2

7.70E25

VIPS J14426+3042

2008 June 26

1.0⋆

Y

0.144

0.064

ND

360 ± 3

7.17E26

VIPS J15136+2338

2008 May 16

0.2186

N

0.751

0.475

0.362

224 ± 1

9.72E25

VIPS J15590+5924

2007 June 30

0.06029

N

0.118

0.094

ND

15 ± 1

1.94E22

VIPS J16022+2418

2008 Jan. 19

1.7904110

Y

0.181

0.131

0.060

108 ± 3

3.86E27

VIPS J16061+5521

2007 June 30

0.3396

N

0.077

0.043

ND

201 ± 2

2.75E25

VIPS J16087+1511

2008 May 16

0.94⋆

Y

0.091

0.077

0.043

123 ± 2

3.89E26
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Table 2.2 (cont’d)
Source

Date

VIPS J16092+2641

2008 June 26

VIPS J17309+3811

2008 June 26

z

0.47311
?

SBBH

S5GHz

S8GHz

S15GHz

Size

L5GHz

Cand.

(Jy)

(Jy)

(Jy)

(pc)

(W Hz−1 )

N

1.5678

0.878

0.275

327 ± 2

1.24E27

N

0.169

0.099

ND

?

?

Note. — Col. 1: Source Name; Col. 2 Date of observations; Col. 3: Redshift of source; Col. 4: Whether or
not this is a SBBH Candidate; Col. 5-7: 5, 8, and 15 GHz integrated flux; Col. 8: The extent of the source as
determined by modefitting; Col. 9: The calculated luminosity based on 5 GHz flux
‡ No

followup observations performed

⋆ Photometric
⋄ Flux

redshift from SDSS

density value from VIPS

References. — (1) Abazajian et al. 2004; (2) Abazajian et al. 2003; (3) Adelman-McCarthy et al. 2008; (4)
Hook et al. 1996; (5) Fanti et al. 2001; (6) Unpublished data; (7) Vermeulen, Taylor & Readhead 1996; (8)
Vermeulen et al. 2003; (9) Falco, Kochanek & Munoz 1998; (10) Adelman-McCarthy et al. 2007; (11) NED 1992
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Table 2.3. Refuted VIPS CSO Candidates
Source

Date

z

SBBH

S5GHz

S8GHz

S15GHz

L5GHz

Cand.

(Jy)

(Jy)

(Jy)

(W Hz−1 )

VIPS J07334+5605

2007 June 30

0.1041

N

0.084

0.046

0.034

2.15E24

VIPS J07369+2604

2008 May 16

0.9972

N

0.234

0.205

0.149

1.16E27

VIPS J08116+4308

2008 Jan. 19

?

N

0.150

0.086

0.047

VIPS J08170+1958

2008 May 16

0.1383

N

0.123

0.090

0.058

VIPS J08182+6109

2007 June 30

?

N

0.103

0.065

0.018

VIPS J08203+5621

2007 Dec. 31

?

N

0.143

0.069

0.036

VIPS J08398+4301

2008 June 26

0.22⋆

N

0.054

0.041

0.040

VIPS J09097+4753

2007 June 30

?

N

0.090

0.066

0.033

VIPS J09115+1958

2008 May 16

1.639974

N

0.192

0.134

0.089

3.31E27

VIPS J09128+4422

2008 Jan. 19

1.7275

N

0.164

0.129

0.087

3.21E27

VIPS J09267+2758

2006 Sept. 19

0.22⋆

N

0.128

0.123

0.071

1.69E25

VIPS J09292+2536

2008 June 26

0.538444

N

0.108

0.086

0.110

1.17E26

VIPS J09355+3633

2007 Dec. 31

2.8586

N

0.216

0.156

0.113

1.45E28

VIPS J10019+5540

2006 Nov. 4

0.0037237

N

0.075

0.075

0.048

2.77E21

VIPS J10051+2403

2008 June 26

0.17⋆

N

0.142

0.094

0.055

1.06E25

VIPS J10138+2449

2006 Nov. 22

1.6364

N

0.816

0.925

0.660

1.39E28

VIPS J10225+3041

2008 June 26

1.3178708

N

0.362

0.212

0.109

3.61E27

VIPS J10305+5132

2008 Jan. 19

0.5184505

N

0.102

0.077

0.038

1.01E26

VIPS J10509+3430

2008 May 16

2.529

N

0.278

0.177

0.080

1.38E28

VIPS J10511+5347

2007 June 30

0.16⋆

N

0.199

0.127

0.048

1.29E25

VIPS J10512+4644

2008 Jan. 19

1.4210

N

0.145

0.148

0.144

1.74E27

VIPS J10580+4248

2008 June 26

?

N

0.113

0.057

0.045

VIPS J11240+2336

2008 June 26

?

N

0.278

0.257

0.280

VIPS J11285+3243

2008 Jan. 19

0.3695284

N

0.115

0.071

0.047

5.07E25

VIPS J11408+5912

2007 June 30

0.14⋆

N

0.192

0.128

0.053

9.31E24

VIPS J12009+2008

2008 June 26

?

N

0.198

0.219

0.193

VIPS J12035+4632

2006 Nov. 4

0.14⋆

N

0.148

0.104

0.056

7.17E24

VIPS J12066+3941

2008 Jan. 19

1.513411

N

0.308

0.329

0.296

4.33E27

VIPS J12074+2754

2007 Feb. 19

2.1778

N

0.428

0.329

0.239

1.49E28

VIPS J12414+5458

2007 June 30

0.04⋆

N

0.129

0.070

0.026

4.42E23

VIPS J12582+5421

2007 June 30

?

N

0.225

0.088

0.024

VIPS J12595+5140

2006 Nov. 22

?

N

0.249

0.398

0.484

VIPS J13128+5548

2007 June 30

?

N

0.209

0.131

0.036

VIPS J13223+4303

2007 Dec. 31

0.07⋆

N

0.108

0.037

0.019

1.19E24

VIPS J14091+3642

2008 June 26

0.99612

N

0.190

0.101

0.050

9.38E26

5.87E24

7.19E24
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Table 2.3 (cont’d)
Source

Date

z

0.58⋆

SBBH

S5GHz

S8GHz

S15GHz

L5GHz

Cand.

(Jy)

(Jy)

(Jy)

(W Hz−1 )

N

0.135

0.104

0.069

1.75E26

VIPS J14489+5326

2007 Dec. 31

VIPS J14519+6357

2006 Nov. 22

?

N

0.193

0.163

0.058

VIPS J15077+5857

2007 June 30

0.25⋆

N

0.166

0.134

0.034

VIPS J15159+2458

2006 Sept. 19

0.15113

VIPS J15186+5002

2008 Jan. 19

VIPS J15451+4751

2007 Dec. 31

VIPS J15594+1624
VIPS J16002+1838

2.94E25

N

0.116

0.089

?

1.28E24

N

0.073

0.055

0.034

1.03E27

1.27714

N

0.288

0.197

0.103

2.65E27

2008 May 16

0.17⋆

N

0.181

0.118

0.051

1.35E25

2008 June 26

2.404668

N

0.119

0.092

0.049

5.27E27

?

VIPS J16021+3326

2007 Feb. 19

1.1?15

N

1.406

1.115

0.732

8.91E27

VIPS J16048+1926

2006 Nov. 4

0.35⋆

N

0.221

0.142

0.048

8.50E25

VIPS J16323+2643

2008 Jan. 19

2.6783116

N

0.124

0.110

0.076

7.15E27

VIPS J16325+3547

2006 Nov. 22

0.07⋆

Y

0.237

0.141

0.050

2.61E24

VIPS J16538+3503

2007 Dec. 31

0.57⋆

N

0.097

0.050

0.023

1.20E26

1.0417

N

0.132

0.122

0.060

7.27E26

N

0.123

0.052

0.022

VIPS J16559+5430

2007 June 30

VIPS J17073+4204

2007 Dec. 31

VIPS J17233+3417

2008 May 16

0.20618

N

0.218

0.178

0.086

2.48E25

VIPS J17246+6055

2006 Nov. 4

0.33⋆

Y

0.202

0.157

0.105

6.79E25

?

Note. — Col. 1: Source Name; Col. 2 Date of observations; Col. 3: Redshift of source; Col. 4:
Whether or not this is a SBBH Candidate; Col. 5-7: 5, 8, and 15 GHz integrated flux; Col. 8: The
calculated luminosity based on 5 GHz flux
‡ No

followup observations performed

⋆ Photometric

redshift from SDSS

References. — (1) Marcha et al. 1996; (2) Healey et al. 2008;(3) Glikman et al. 2007; (4) AdelmanMcCarthy et al. 2007; (5) Abazajian et al. 2004; (6) Adelman-McCarthy et al. 2005; (7) Hagiwara,
Klockner & Baan 2004; (8) Adelman-McCarthy et al. 2008; (9) Hewitt & Burbidge 1989; (10) Schneider
et al. 2007; (11) Falco, Kochanek & Munoz 1998; (12) Kunert-Bajraszewska & Marecki 2007; (13)
Unpublished data; (14) Vermeulen & Taylor 1995; (15) Snellen et al. 2000; (16) Abazajian et al. 2005;
(17) Véron-Cetty & Véron 2001; (18) Wills & Wills 1976
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Chapter 3

A shrinking Compact Symmetric
Object: J11584+2450?
The contents of this chapter were published in a modified form as Tremblay et al,
2008, ApJ 684, 153 1 . Used with permission

Abstract:
We present multi-frequency multi-epoch Very Long Baseline Array (VLBA)
observations of J11584+2450. These observations clearly show this source,
previously classified as a core-jet, to be a compact symmetric object (CSO).
Comparisons between these new data and data taken over the last 9
years shows the edge brightened hot spots retreating towards the core (and
slightly to the west) at approximately 0.3c. Whether this motion is strictly
1 All

of the work within this chapter was performed by S.E.T. unless otherwise noted.
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apparent or actually physical in nature is discussed, as well as possible explanations, and what implications a physical contraction of J11584+2450
would have for current CSO models.

3.1

Introduction

Compact symmetric objects (CSOs) are now a well established class of radio sources
loosely deﬁned as sources with emission on both sides of the core (which itself is not
always detected) on a size scale of 1 kpc or less (Wilkinson et al., 1994). The generally
accepted explanation for the small size of these objects is that they are young radio
sources which could grow into larger FR II objects (Readhead et al., 1996; O’Dea,
1998). Alternately, it has been proposed that the small size of these structures is due
to their growth being frustrated by a dense environment (van Breugel et al., 1984;
O’Dea, 1998).
Due to their rapid growth, age estimates for the emission from these objects can
be obtained kinematically (Owsianik & Conway, 1998; Taylor et al., 2000) yielding
ages ranging from tens to thousands of years. Less accurate spectroscopic models
(Readhead et al., 1996; Murgia et al., 1999; Gugliucci et al., 2005) place CSOs at a
few thousands of years old. This generally supports the theory that these are young
AGN in the early stages of evolution. However, since the age distribution of currently
known CSOs is heavily weighted on the younger side (Gugliucci et al., 2005), this
indicates the evolution might not be straightforward. This distribution should not
be taken as deﬁnitive though, since Gugliucci et al. concede it may be inﬂuenced by
selection eﬀects. One theory suggests CSOs could be generally short-lived objects
with only a small fraction of them surviving to become larger-scale objects while the
remaining galaxies become permanently radio quiet (Owsianik & Conway, 1998). In a
competing theory there exists a cyclic process where unsuccessful CSOs have multiple
opportunities to grow into larger objects (O’Dea & Baum, 1997). Alternatively, the

Chapter 3. Shrinking CSO: J11584+2450?

101

current distribution could be an artifact of the small statistical sample from which
it is derived combined with selection eﬀects.
The picture presented in the above models might be overly simplistic. For example, all of these models predict continuous radial expansion of the lobes, but CSOs
such as 1031+567 (Taylor et al., 2000) have been observed with non-radial motion.
Here we present observations of J11584+2450 (PKS 1155+251, SDSS J115825.79+245018.0),
a galaxy with a redshift of 0.20160 ± 0.00040 (Zensus et al., 2002) that appears to
be contracting towards its core on both sides.
Throughout this discussion, we assume H0 =73 km s−1 Mpc−1 , Ωm = 0.27, ΩΛ =
0.73, so 1 mas = 3.213 pc.

3.2

Observations and Data Reduction

Multi-frequency observations of J11584+2450 were performed on September 19, 2006
with the VLBA. A summary of these and other observations referred to in this paper
is presented in Table 4.1. These observations consisted of four 8 MHz wide IFs in
the C, X and U bands with full polarization centered at: 4605.5 , 4675.5, 4990.5,
5091.5, 8106.0, 8176.0, 8491.0, 8590.0, 14902.5, 14910.5, 15356.5 and 15364.5 MHz at
an aggregate bit rate of 256 Mbps to maximize (u,v) coverage and sensitivity. When
the data in each band were combined, the three central frequencies were: 4844.7,
8344.7, and 15137.5 MHz. The integrations were performed in blocks (∼2 minutes
for 5 and 8 GHz, ∼7.5 minutes for 15 GHz) and these blocks were spread out over a
9.5 hour period to maximize (u,v) coverage of the source.
Most of the calibration and initial imaging of the new data were carried out by
automated AIPS (Greisen, 2003) and DIFMAP (Shepherd, 1997) scripts similar to
those used in reducing the VIPS 5 GHz survey data (Helmboldt et al., 2007; Taylor et
al., 2005). To summarize, ﬂagging of bad data and calibration were performed using
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the VLBA data calibration pipeline (Sjouwerman et al., 2005), while imaging was
performed using DIFMAP scripts described in Taylor et al. (2005). Final imaging
was performed manually using the DIFMAP program, with beam sizes of 1.906×3.16
in position angle -6.89◦, 1.195 × 1.788 in position angle -3.58◦ and 0.6876 × 0.9794 in
position angle -2.717◦ for 5, 8 and 15 GHz respectively.

3.3

Results

3.3.1

Images

Kellermann et al. (2004) observed J11584+2450 (B1155+251) as part of the VLBA
2cm Survey. Since these observations were only at 15 GHz, they typically identiﬁed
the brightest component in an image to be the core, and consequently classiﬁed this
source as a core-jet with the core being the southern, bright component.
Figure 3.1 shows the 5, 8, and 15 GHz VLBA images made from the September
2006 observations of J11584+2450. The 15 GHz map shows the clearest structure
so is used to label components of the source. The 15 GHz image shows a compact
unresolved component (C) with resolved emission both to the north (N1) and the
south (S1). The southern emission then seems to have another component that
expands out towards the west (W2). There also exists some weak emission on the
western edge of the image (W1; with a peak ﬂux density of 0.55 mJy/beam). S1 is the
brightest component in the image (52.3 mJy/beam peak), and is what was previously
identiﬁed as the core. In the 8 GHz image the edges of C, N1, S1, and W2 become
indistinguishable, but these components can still be identiﬁed by local peaks within
the image. Interestingly, an eastern spur develops from the southern edge of N1,
extending in the opposite direction from the majority of the diﬀuse emission. Overall
the emission appears more extended, and W1 has a more signiﬁcant detection. The
5 GHz map further smears the interior components together until only N1 and S1
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are clearly visible as local maxima of the map. The spur mentioned above becomes
brighter, and the western emission stretches out farther towards a very well detected
W1 (3.83 mJy/beam peak ﬂux density) . There is emission from the eastern spur
towards the south in this image (hereafter referred to as the 5 GHz southeastern
clump), which has an integrated ﬂux density of 3.78 mJy.

The geometry between N1, C, and S1 was measured using the 2006 15 GHz data,
since those components are most distinguishable. The axial ratio N1/S1 = 1.59,
and the angle subtended between the arms, N1-C-S1, is 166.9◦.

We used the VLA in the D-Conﬁguration to investigate what appeared to be
an extension of the western emission to kilo-parsec scale from the NRAO VLA Sky
Survey (NVSS; Condon et al. 1998), but found no indication of any western emission
from J11584+2450 (Fig. 3.2) and the previous extension to be a result of the higher
RMS (0.45 mJy/beam) of the NVSS compared to our image with RMS = 0.085
mJy/beam.

Additionally, we acquired a visual image (Fig. 3.3) from the Sloan Digital Sky
Survey Data Release 5 (SDSS DR5; Adelman-McCarthy et al. 2007 ). This shows
the source to have a galaxy 4 arcseconds to the south east, which is uncatalogued
outside of the SDSS. Two diﬀerent algorithms have been used to determine a multicolor photometric redshift for this object from the SDSS image. The ﬁrst algorithm
utilized the template ﬁtting method and yields z = 0.0008 ± 0.0226 (Csabai et
al., 2003) , while the second algorithm used a Neural Network method and yields
z = 0.065 ± 0.123 (Oyaizu et al., 2008), placing an upper limit of z 0.19 which is
comparable to J11584+2450’s redshift.
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Spectral Index Distribution

The 2006 VLBA images at 8 and 15 GHz were matched in resolution in order to
obtain a spectral index distribution across the source that was overlaid onto a 5
GHz image to show overall source structure (Figure 3.4). This distribution clearly
shows a compact ﬂat-spectrum component (α ≈ −0.276, where Fν ∝ ν α ) situated
between two steeper spectrum lobes (α ≈ −1.03). More steep spectrum emission is
found to the west of these lobes (α ≈ −1.36 to −1.54), where it then fades below the
detection threshold at high frequencies. Looking at the 5 GHz southeastern clump
and using its peak, the spectral index would have to be steeper than −4.35 for the
emission to fall below the RMS of the 8 GHz image. Alternatively, the absence of
this feature could be due to having fewer short spacings at 8 GHz, or it could merely
be an imaging artifact at 5 GHz.

3.4
3.4.1

Discussion
Reclassification of J11584+2450

The compact ﬂat spectrum component seen in Figure 3.4 is compatible with emission from the nucleus, or core, of a galaxy (Begelman et al., 1984). The steeper
spectrum components extending north and south from the core are accordant with
the spectral signature of jets or hot spots. This overall structure is clearly consistent
with J11584+2450 being a CSO.

3.4.2

Component Motions

To characterize intrinsic motions within the source, a multi-component elliptical
gaussian model was made of the 1999 data and then applied to the 1995, 2001
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and 2006 15 GHz data varying the ﬂux and position parameters of each gaussian
component (Table 3.2). The extended dual-lobed structure in the 1995 data (but
notably missing from the 1999, 2001 and 2006 images) of what is now considered the
core was modeled using a single component, since it is likely this extension is only
an artifact.
Each of the four IFs of the 2006 data were then individually modeled and compared to each other to determine the systematic error (σsys ) associated with modelling
each component. The total position error (σtot ) was then calculated for individual
2
2
2
components using σtot
= σstat
+ σsys
, where σstat is the expected statistical error

associated with modeling gaussian components in two dimensional polar coordinates
(Table 3.3) (adapted from 1-dimension case per Fomalont 1999). Since all model positions are referenced to C, σsys for the core is accounted for by the other component
uncertainties. Since the calibrated data sets from the VLBA 2cm Survey are each
averaged to one frequency, the σsys attained from the 2006 data was applied to them
as well. Similarly, a multi-component gaussian model was made of the 2000 data
and then applied to the 2006 8 GHz data varying the ﬂux and position parameters of
each gaussian component (Table 3.4). σsys values were obtained for each component
using the four IFs as above in the 2006 data, and using the four IFs closest to those
same frequencies in the 2000 data (Table 3.5).
These models were used to calculate component velocities relative to the core
for each band, which are plotted in Fig. 3.5 with the tail of each vector located
at the earliest data position in the band. The components representing the hot
spots at the working surface of the jets which were modeled (N1 and S1) appear to
have contracted towards the core as well as traveled westward, and this motion is
consistent between the two bands. Additionally, the W2 component moves towards
the northwest in both bands. Performing a least-squares ﬁt to solve for the velocities
in each band separately, and then using these independent values to reduce the error
yields a radial contraction velocity (normalized to the speed of light) of 0.42 ± 0.03 c
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for S1 and 0.20 ± 0.07 c for N1. Overlaying the contour maps of diﬀerent epochs (see
Fig. 3.6 for one example) is also supportive of contraction, since the 1995 contours
are interior to the 2006 contours suggesting that the component motion is not an
artifact of the modeling.
This motion was not detected by the VLBA 2 cm Survey over the six year interval
between 1995 and 2001 since the velocities involved (∼ 0.03 mas/year) are well within
most of their stated velocity errors for this source (Kellermann et al., 2004). The
total ﬂux density of the source has been decreasing steadily since at least 1995,
the models show that this drop can be attributed to S1 decreasing steadily (40%
decrease at 15 GHz over this 11 year period), while the other components exhibit
small ﬂuctuations.

3.4.3

Apparent Motion Interpretation

Since actual contraction of the source towards the core is something that has not
been previously observed, we ﬁrst examine reasons behind an eﬀect that would merely
cause apparent motion in the system. One possible explanation for seeing the contraction of this source is that if hotspots are advancing out away from the core and
expanding and younger hotspots are brightening due to interactions at the end of the
jet, then the models might not be ﬁt to the same components. The largest problems
with this hypothesis are its lack of explanation of both the western emission and the
western component to the hotspot velocities, which means these properties require
a separate unrelated explanation if the contraction is to be explained by hot spot
dimming and advance.
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Physical Motion Interpretations

Leaving open the possibility that the data represent physical motions in the system,
we include discussion along those lines. One interpretation is that we are viewing a
projection eﬀect caused by rotation of the source. While solid body rotation is an
unphysical scenario, it gives us an idea about what ﬂuid rotation would look like
for this system so we consider it as a ﬁrst approximation of rotational motion. The
angular velocity of the rotation is dependent upon the initial orientation. Assuming
the axis of rotation lies in the plane of the sky, and the inclination angle is less than
45◦ since larger values would yield Doppler boosting, the jets would have a rotational
period between just 260 and 1880 years.
Since the system is a ﬂuid and not a rigid body it would actually have diﬀerential
rotation. The core would therefore be spinning even faster than the observed jet
components and we would expect the core to appear highly variable since the base
of the jet would frequently be pointed towards us. A second physical interpretation
of the motion is precession. The westward component to the velocities of both jets
strongly argues against precession. If the jets were precessing and thus appearing
shorter, they would move in opposite directions (i.e. one moves east while the other
moves west) as well as inward. Additionally, these hypotheses fail to explain the
older western emission.
Another physical elucidation of the motion is that there exists some reason for the
pressure of the environment to increase, then this could leave the jets under-pressured
and lead to contraction of J11584+2450. Such a pressure change could result from a
relative motion between a clumpy environment and the CSO. The 1.59 N1/S1 axial
ratio is also indicative of the jets encountering a dense environment. If the departure
of the ratio from 1 was due to Doppler boosting then the brighter hotspot would
be further from the core (S1 in the case of J11584+2450). This would yield a ratio
smaller than 1, therefore the ratio is likely due to the jet running into diﬃculty as it

Chapter 3. Shrinking CSO: J11584+2450?

108

tunnels through the environment causing it to be both shorter and brighter. Both
the angle N1-C-S1 and the western deviation of the emission is consistent with the
source moving eastward and being inﬂuenced by ram pressure similar to what has
been observed in wide-angle tailed radio sources (e.g. 3C465, Hardcastle et al. 2005;
Sakelliou & Merriﬁeld 2000), but on a smaller spatial scale. Relative motion could
exist between J11584+2450 and its host galaxy causing the interstellar medium to
produce ram pressure against the radio jet. If the companion galaxy to the south
east (Fig. 3.3) is at a similar redshift and these two galaxies are members of a cluster
then J11584+2450 might be moving towards the center of the gravitational potential.
However, this is highly speculative and more observations are needed to determine
the cluster environment.

3.5

Conclusions

After analyzing multifrequency (5, 8, and 15 GHz) VLBA data from radio source
J11584+2450 we reclassify it as a CSO. Fitting the data with multi-component gaussian models and overlaying images of diﬀerent epochs on each other not only show
that this source is not growing at the usual rate of ∼ 0.1 to 0.3 c, but each jet is
apparently shrinking in size at ∼ 0.3 c and each is additionally moving westward at
∼ 0.2 c. Conﬁrmation of other CSOs having either recessive behavior or non-radial
motion like 1031+567 (Taylor et al., 2000) would mean the current models need to
be modiﬁed to allow for possible non-linear growth periods during the evolution of
AGN. The prospect of non-linear growth for CSOs would further bring in to question
the validity of kinematic ages. Gugliucci et al. (2005) found 7 out of the 13 CSO they
dated to be under 500 yr old and commented that the expectation for a steady-state
population of CSOs would have a uniform distribution of ages. While this is a small
statistical sample it is also what one would expect to see if CSOs spend a greater
fraction of time as small sources. However, in kinematic observations of ∼ 10 CSOs
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we have seen contraction in just 1 source.
Future VLBA observations of this source are planned to follow the motion of the
components and to see whether they continue to recede towards the core, and what
time-scale this occurs over. Lower frequency (1.4 GHz) observations should be carried
out to conﬁrm the existence of the 5 GHz southeastern clump. If the emission from
both jets is actually ﬂowing towards the west, lower frequency observations might
also show W1 merging with the diﬀuse western emission, and could reveal larger
scale structures.
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Table 3.1. VLA and VLBA Observations of J1158+2450.
Freq.

Date

(GHz)

Time

BW

(minutes)

(MHz)

Pol.

IFs

Peak

rms

(mJy beam−1 )

(mJy beam−1 )

1.3649∗

2007 Mar 08

24.7

100

4

2

1073.7

0.1

4.8447†

2006 Sep 19

24.9

32

4

4

193.38

0.11

8.3447†

2006 Sep 19

26.9

32

4

4

118.38

0.17

8.3541†

2000 May 06

20.6

64

1

8

133.1

0.2

15.138†

2006 Sep 19

90.8

32

4

4

52.27

0.11

15.335†‡

2001 Mar 04

57.0

56

1

1

74.85

0.31

15.335†‡

1999 May 21

37.6

56

1

1

82.73

0.33

15.350†‡

1995 Apr 07

44.9

32

1

1

110.0

0.3

∗ VLA

Observation

† VLBA
‡ These

Observation
data were taken as part of the VLBA 2 cm Survey, Kellermann et al. (2004)
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Figure 3.1 VLBA observations from September 2006 of J11584+2450 at frequencies
of (moving top to bottom) 4.84, 8.34, and 15.13 GHz. Contour levels begin at 0.375
mJy/beam and increase by factors of 21/2 .
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Figure 3.2 VLA observations from March 2007 centered on J11584+2450 at 1.3649
GHz in D conﬁguration. The contour levels begin at 0.336 mJy/beam and increase by
levels of 2. The source shows no signiﬁcant structure at this frequency and resolution,
but does show possible extension to the south-east.

Figure 3.3 This R-Band SDSS image of J11584+2450 shows a second source 4 arcseconds to the southeast (SDSS J115826.16+245014.9). If these sources have the same
redshift, then there is 13 kpc separation between them. In this image, the magnitude
of J11854+2450 is 17.68 ± 0.01, while the magnitude of SDSS J115826.16+245014.9
is 21.99 ± 0.06.
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Figure 3.4 1.
Multi-Frequency observations of a newly identiﬁed CSO
(J11584+2450). 5 GHz contours overlaid on a 8 to 15 GHz spectral index image.
Notice the ﬂat spectrum core, as well as the symmetric dual-lobed structure in the
source. Also, the emission abruptly bends to the west. This sudden path change,
and the steep spectrum compact knot at the western edge is not clearly understood.

Figure 3.5 Relative velocity of model components. Velocity of each gaussian model
component is plotted (1mas = 0.2c) with the tail of each vector originating at the
model components position at its earliest observation (1995 for 15 GHz & 2000 for
8 GHz). The model ﬁts are in agreement with the contour overlay plots in showing
this source to be shrinking.
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Figure 3.6 Two epoch overlay of J11584+2450. 15 GHz data from 1995 (Red Contours) is plotted with the 15 GHz data from 2006 (Blue Contours). This ﬁgure
shows contraction of the source towards the core (denoted by a cross) over time.
The contour levels begin at 1.10 mJy/beam and increase by factors of 21/2 .
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Table 3.2. 15 GHz Gaussian Model Components∗.
Component

Epoch

S
(Jy)

C...

S1...

N1...

W2...

∗ NOTE

r
(mas)

σr

θ

σθ

a

(mas)

(o )

(o )

(mas)

b/a

Φ
(o )

1995

0.0167

0.000

0.007

0.00

0.00

0.283

1.00

-18.57

1999

0.0331

0.000

0.003

0.00

0.00

0.283

1.00

-18.57

2001

0.0170

0.000

0.007

0.00

0.00

0.283

1.00

-18.57

2006

0.0120

0.000

0.003

0.00

0.00

0.283

1.00

-18.57

1995

0.1267

3.647

0.014

-161.28

0.15

0.272

0.86

50.59

1999

0.0945

3.514

0.014

-159.79

0.15

0.272

0.86

50.59

2001

0.0798

3.400

0.014

-159.03

0.15

0.272

0.86

50.59

2006

0.0765

3.360

0.014

-160.12

0.15

0.272

0.86

50.59

1995

0.0327

5.610

0.052

9.55

1.12

3.02

0.345

29.62

1999

0.0288

5.801

0.049

8.37

0.95

3.02

0.345

29.62

2001

0.0257

5.497

0.045

9.52

1.78

3.02

0.345

29.62

2006

0.0399

5.325

0.038

6.82

0.50

3.02

0.345

29.62

1995

0.0637

3.226

0.034

-127.77

0.46

2.72

0.32

-81.22

1999

0.0541

3.775

0.033

-115.06

0.46

2.72

0.32

-81.22

2001

0.0369

3.746

0.033

-115.65

2.65

2.72

0.32

-81.22

2006

0.0630

3.435

0.030

-116.83

0.34

2.72

0.32

-81.22

- Parameters of each Gaussian component of the model brightness distribution are as

follows: Component, Gaussian component; Epoch, year of observation (see Table 4.1); S, flux
density; r, σr , θ, σθ , polar coordinates (and the associated errors) of the center of the component relative to the center of component C; a, semimajor axis; b/a, axial ratio; Φ, component
orientation. All angles are measured from north through east.
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Table 3.3. 15 GHz Gaussian Model Components from Selected IFs∗.
Component

Epoch

r1

r2

r3

r4

σr(sys)

θ1

θ2

θ3 i

θ4

σθ(sys)

(mas)

(mas)

(mas)

(mas)

(mas)

(o )

(o )

(o )

(o )

(o )
0.15

S1...

2006

3.368

3.353

3.341

3.377

0.014

-159.93

-160.10

-160.36

-160.13

N1...

2006

5.276

5.343

5.376

5.318

0.037

7.20

6.19

6.75

7.19

0.41

W2...

2006

3.473

3.430

3.390

3.440

0.030

-116.45

-116.63

-117.06

-117.30

0.34

∗ NOTE

- Parameters of each Gaussian component of the IF model position distribution are as follows: Component,

Gaussian component; Epoch, year of observation (see Table 4.1); r1 − r4 , radial positions of model components in IFs
1 through 4 respectively; σr(sys) , the standard deviation in radial position; θ1 − θ4 , the polar angular position of model
components in IFs 1 through 4 respectively; σθ(sys) , the standard deviation in polar angular position. All angles are
measured from north through east.

Table 3.4. 8 GHz Gaussian Model Components∗.
Component

C...

Epoch

S

r

σr

θ

σθ

a

(Jy)

(mas)

(mas)

(o )

(o )

(mas)

b/a

Φ
(o )

2000

0.0273

0.000

0.001

0.00

0.00

0.214

1.00

63.74

2006

0.0115

0.000

0.003

0.00

0.00

0.214

1.00

63.74

2000

0.1581

3.240

0.017

-157.29

0.15

0.4875

0.71

-23.38

2006

0.1507

3.082

0.022

-155.45

0.19

0.4875

0.71

-23.38

N1...

2000

0.1005

5.597

0.055

6.75

0.31

2.195

0.76

-38.51

2006

0.1098

5.508

0.049

5.27

0.10

2.195

0.76

-38.51

W2...

2000

0.1505

3.653

0.028

-109.43

0.32

1.57

0.80

40.08

2006

0.1489

3.703

0.011

-105.95

0.47

1.57

0.80

40.08

S1...

∗ NOTE

- Parameters of each Gaussian component of the model brightness distribution are as

follows: Component, Gaussian component; Epoch, year of observation (see Table 4.1); S, flux
density; r, σr , θ, σθ , polar coordinates (and the associated errors) of the center of the component relative to the center of component C; a, semimajor axis; b/a, axial ratio; Φ, component
orientation. All angles are measured from north through east.

118

Chapter 3. Shrinking CSO: J11584+2450?

Table 3.5. 8 GHz Gaussian Model Components from Selected IFs∗.
Component

S1...
N1...
W2...

∗ NOTE

Epoch

r1

r2

r3

r4

σr(sys)

θ1

θ2

θ3 i

θ4

σθ(sys)

(o )

(o )

(o )

(o )

(mas)

(mas)

(mas)

(mas)

(mas)

(o )

2000

3.225

3.270

3.250

3.237

0.017

-157.64

-157.48

-157.26

-157.29

0.15

2006

3.106

3.079

3.051

3.101

0.022

-155.60

-155.27

-155.24

-155.67

0.19

2000

5.573

5.675

5.535

5.551

0.055

7.31

6.65

7.05

6.54

0.31

2006

5.467

5.501

5.586

5.467

0.049

5.17

5.34

5.19

5.39

0.09

2000

3.607

3.673

3.675

3.642

0.028

-109.24

-109.98

-110.07

-109.45

0.32

2006

3.692

3.721

3.696

3.707

0.011

-106.46

-105.96

-105.23

-106.29

0.47

- Parameters of each Gaussian component of the IF model position distribution are as follows: Component,

Gaussian component; Epoch, year of observation (see Table 4.1); r1 − r4 , radial positions of model components in IFs
1 through 4 respectively; σr(sys) , the standard deviation in radial position; θ1 − θ4 , the polar angular position of model
components in IFs 1 through 4 respectively; σθ(sys) , the standard deviation in polar angular position. All angles are
measured from north through east.
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Chapter 4

J16021+3326: New
Multi-Frequency Observations of a
Complex Source
The contents of this chapter were published in a modified form as Tremblay et al,
2010, ApJ 712, 159 1 . Used with permission

Abstract:
We present multifrequency Very Long Baseline Array (VLBA) observations of J16021+3326. These observations, along with variability data
obtained from the Owens Valley Radio Observatory (OVRO) candidate
gamma-ray blazar monitoring program, clearly indicate this source is a
1 All

of the work within this chapter was performed by S.E.T. unless otherwise noted.
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blazar. The peculiar characteristic of this blazar, which daunted previous
classification attempts, is that we appear to be observing down a precessing jet, the mean orientation of which is aligned with us almost exactly.

4.1

Introduction

The galaxy J16021+3326 (B1600+335) is classiﬁed as a gigahertz peaked spectrum
(GPS) radio source (Labiano et al. 2007). GPS sources are so named due to their
spectral energy distribution (SED) having a radio turnover frequency around 1 GHz.
This class is principally composed of two types of sources: compact symmetric objects
(CSOs) and core-jets (e.g., blazars). CSOs are dual-lobed sub-kiloparsec scale sources
oriented close to the plane of the sky whose emission is dominated by the hotspots
where their jets ram into the surrounding medium. The common opinion is that
synchrotron self-absorption within the hotspots causes a spectral turnover around 1
GHz (e.g., de Vries et al. 2009), although free-free absorption has also been invoked
(e.g., Bicknell 2003). Core-jets can be classiﬁed as GPS sources due to their highly
variable SED (Tornikoski et al. 2009), or if by chance the emission is dominated
by jet structures of the appropriate size to have a peak around 1 GHz (Scott &
Readhead 1977). Discriminating the reason a source is a GPS typically requires
multi-frequency imaging via Very Long Baseline Interferometery (VLBI) techniques,
using instruments such as the Very Long Baseline Array (VLBA), to morphologically
classify the source. In principle, long term SED variability studies could also be used
to discern why a particular source is classiﬁed as a GPS (Tornikoski et al. 2009).
Previous VLBI observations of J16021+3326 by Kulkarni & Romney (1990) and
Dallacasa et al. (1995) were unable to disentangle the source structure well enough to
explain why this is a GPS source. After observations at 5 GHz in the VLBA Imaging
and Polarimetry Survey (VIPS, Helmboldt et al. 2007), we decided to perform multiwavelength followup with the VLBA to clarify the nature of this source.
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In this paper, we have adopted a redshift for J16021+3326 of 1.12 as per Snellen
et al. (2000) & Labiano et al. (2007). Throughout this discussion, we assume H0 =73
km s−1 Mpc−1 , Ωm = 0.27, ΩΛ = 0.73, so 1 mas = 7.991 pc.

4.2

Observations and Data Reduction

Multi-frequency observations of J16021+3326 were performed on February 19, 2007
with the VLBA, a summary of these observations is presented in Table 4.1. These
observations consisted of four 8 MHz wide IFs in the C, X and U bands with full
polarization centered at: 4605.5 , 4675.5, 4990.5, 5091.5, 8106.0, 8176.0, 8491.0,
8590.0, 14902.5, 14910.5, 15356.5 and 15364.5 MHz at an aggregate bit rate of 256
Mbps to maximize (u,v) coverage and sensitivity. When the data in each band were
combined, the three central frequencies were: 4844.7, 8344.7, and 15137.5 MHz. The
integrations were performed in blocks (∼2 minutes for 5 and 8 GHz, ∼7.5 minutes
for 15 GHz) and these blocks were spread out over a 10 hour period to maximize
(u,v) coverage of the source.
Most of the calibration and initial imaging of the data were carried out by automated AIPS (Greisen, 2003) and Difmap (Shepherd, 1997) scripts similar to those
used in reducing the VIPS 5 GHz survey data (Helmboldt et al., 2007; Taylor et al.,
2005). To summarize, ﬂagging of bad data and calibration were performed using
the VLBA data calibration pipeline (Sjouwerman et al., 2005), while imaging was
performed using Difmap scripts described in Taylor et al. (2005). Final imaging was
performed manually using the Difmap program, with beam sizes of 2.016×2.597 mas
in position angle -31.86◦, 1.176×1.557 mas in position angle -32.85◦ and 0.6284×0.979
mas in position angle -29.68◦ for 5, 8 and 15 GHz respectively. For polarimetry pur2 Since

there are no spectroscopic data cited within these papers nor within their references, this redshift should only be taken as a possible value and spectroscopic observations
should be published with a verifiable value of z
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poses, the lower two and upper two IFs in each band were paired and imaged.

J16021+3326 has also been observed regularly at 15 GHz with the 40 m telescope at the Owens Valley Radio Observatory (OVRO) since mid-2007 as part of
an ongoing candidate gamma-ray blazar monitoring program. This program monitors all 1158 sources with declination greater than 20◦ in the Candidate Gamma-ray
Blazar Survey (CGRaBS; Healey et al., 2008) sample at least twice per week when
weather conditions permit. The CGRaBS sample consists of radio sources selected
as likely to be active gamma-ray emitters based on their ﬂat radio spectra and X-ray
ﬂuxes. CGRaBS sources are predominantly known blazars, but also include a few
other types. J16021+3326 is identiﬁed as a narrow-line radio galaxy in the CGRaBS
catalog.

The OVRO 15 GHz ﬂux densities of J16021+3326 were measured using azimuth
double switching as described in Readhead et al. (1989). The relative uncertainties
in ﬂux density result from a 5 mJy typical thermal uncertainty in quadrature with a
1.4% to 2% non-thermal random error contribution. The absolute ﬂux density scale
is calibrated to about 5% using the Baars et al. model for 3C 286 (Baars et al., 1977).
This absolute uncertainty is not included in the plotted errors. In addition to several
interruptions in the monitoring program due to hardware failures, J16021+3326 was
one of a subset of the sample aﬀected by an unreliable pointing procedure during
the period MJD 54750–54908 which resulted in spurious ﬂuctuations in the measured ﬂux densities. All the potentially signiﬁcant ﬂuctuations in this period were
closely correlated with similar ﬂuctuations in other unrelated sources, suggesting the
intrinsic ﬂux density of J16021+3326 was relatively constant during this interval.

An optical r-band observation of J16021+3326 was also performed, using ﬁve 300
second exposures with the Palomar 200” telescope in July 2008.
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Figures 4.1 and 4.2 show the 5, 8, and 15 GHz VLBA images made from the 2007
February observations of J16021+3326. In Figure 4.1 all three images have been
convolved with identical beams, both to enable simpler comparison between the
maps and to highlight the detected diﬀuse emission at 15 GHz. The scale of Fig.
4.2 was chosen to focus on the structure surrounding the phase-center. All three
images in Fig. 4.2 are displayed at their natural resolutions to better show the
complicated small-scale structure. Self-calibration was utilized when reducing these
data, so all absolute positions are lost since the brightest emission was placed at the
phase center. The 5 GHz images reveal a northern elongation (B) coming from the
phase center (A), and more diminished spurs towards the east (D) and southwest
(E). Diﬀuse emission is seen ∼ 40 mas to the east (F), as well as surrounding the
southwest spur (E). In the 8 GHz image the diﬀuse emission is much less prominent
but components A, B, C & D are all still easily identiﬁable, although the southwest
spur (C) has resolved into a ring. At 15 GHz, the brightest component (A) has
resolved into two distinct components (A1, A2) and the diﬀuse eastern emission (F)
has almost completely disappeared. The eastern spur (D) is barely detected, and the
southwestern spur (C) has marginally retained its ring-like structure.

The r-band images obtained by the Palomar 200” (Fig. 4.3) show a faint (1.4
µJy integrated over a 3.6” aperture, for an absolute magnitude of 21.0) galaxy with
evidence of a disturbed morphology, which is consistent with previous optical observations by Stickel & Kuhr (1996).
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Spectral Index Distribution

The 8 and 15 GHz images were matched in resolution in order to obtain a spectral
index distribution across the source, where we take Fν ∝ ν α , which was overlaid
onto 5 GHz contours to highlight the placement of the distribution within the source
structure (Fig. 4.4). Averaged spectral indices for components A1, A2, B, C, D and
F and can be found in Table 4.2. In summary, the only component exhibiting a
ﬂat-spectrum (i.e., an α ≈ 0) is A2.

4.3.3

Polarization

Polarization was detected at both 8 and 15 GHz with up to 14.9±2.0% and 5.7±0.7%
polarization respectively. Figure 4.5, showing the polarized ﬂux from the IF pair
centered at 15.3605 GHz, provides an example of the polarization maps obtained.
Components A, B, C and D all exhibit polarization in the four IF pairs, although
the pair centered at 14.9065 GHz detected signiﬁcantly less polarization the reason
for which is unknown. The three IF pairs that detected stronger polarization were
used to compute rotation measures (RMs) across the source (Fig. 4.6) wherever
polarization was detected at all three pairs by ﬁtting the change in polarization
angle (β) to RM =

β
,
λ2

with values ranging from -984 to 1426 rad m−2 . The RM is

dependent on the magnetic ﬁeld strength (B) and the electron number density (ne )
by:
e3
RM =
2πm2e c4

Z

s

ne Bds

(4.1)

0

where e and me are the charge and mass of the electron and c is the speed of light.
These rotation measures were then used to calculate the magnetic ﬁeld polarization
angle corrected for Faraday rotation (Fig 4.6 inset). It is worth noting that the RM
changes sign across A1, which is indicative of a reversal of the magnetic ﬁeld as seen
in the above equation.
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Variability

The OVRO 15 GHz light curve for J16021+3326 is shown in Figure 4.7, along with
scaled and oﬀset light curves for the bright, constant-ﬂux sources 3C 48, 3C 286,
and DR 21 for reference. The median ﬂux density of J16021+3326 is 858 mJy
and the root mean square (RMS) is 36 mJy, or 4.2% of the median. The RMS
ﬂuctuations of 3C 48, 3C 286, and DR 21 are 1.7%, 1.3%, and 1.2% of the median
ﬂux density, respectively. The peak-to-peak variation is 133 mJy, or 15.5% of the
median.We conclude that the variation in ﬂux density of J16021+3326 results from
actual source variations rather than systematic instrumental ﬂuctuations. These
observed ﬂuctuations are consistent with the variability of the ﬂux density (up to
60% peak-to-peak at 5 GHz over a 6 year period) noted by Dallacasa et al. (1995).

4.4
4.4.1

Discussion
Core Identification

The unresolved, ﬂat-spectrum (α ∼ −0.05), unpolarized component seen in Fig. 4.4
corresponds with A2 (Fig. 4.2), and is consistent with the emission from the base
of the radio-jet, commonly referred to as the core (Begelman et al. 1984). The
remainder of the emission surrounding the core (A1, B, C, D, E, and F) all exhibit
steeper spectra (α ∼ −0.54 to −1.05) and are consistent with the identiﬁcation of
these components as jets or hot spots.

4.4.2

Morphology

Taken alone, the components A1, A2, and B look very much like a CSO, in which the
core feeds into two symmetric lobes to the north and south. However, this scenario
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does not readily explain the remaining components, with the positions of D and F
being particularly diﬃcult to reconcile. This source also doesn’t resemble a simple
core-jet since there are extended components all around the core. Clearly, imaging
alone is not enough to determine the proper classiﬁcation of this complicated source.
The OVRO variability data argue against J16021+3326 being a CSO. Since the
jets associated with CSOs are oriented close to the plane of the sky there is little
to no relativistic beaming of their emission expected and the emission is dominated
by the extended hotspots where the jets terminate. The ﬂux densities of 5 CSOs
were observed to ﬂuctuate over an 8 month period with an average RMS of 0.7%
(Fassnacht & Taylor 2001), while the two core-jet sources observed over the same
period had an average RMS of 3%. Therefore, the observed variability of this source,
15.5% peak-to-peak and 4.2% RMS over a 2 year period, strongly supports the blazar
scenario.
Lastly, the polarization data also argue against J16021+3326 being a CSO. Since
the jets of CSOs are oriented close to the plane of the sky, and are on the size scale of
10s of parsecs they should be viewed through the torus according to AGN uniﬁcation
models (Antonucci 1993). This torus can act as a Faraday screen, thus depolarizing
the synchrotron radiation as it leaves the galaxy (Peck & Taylor 2000; Gugliucci et
al. 2007). Very few CSOs have been observed to be polarized, and those that are
only exhibit polarization in the oncoming jet. Since we observe polarized ﬂux all
around the core of this source, it is unlikely to be a CSO. The derived RMs also lie
within the typical blazar range of 500 to several thousand rad m−2 (Zavala & Taylor
2004).
While there seems to be plenty of evidence of the blazar nature of J16021+3326,
it is far from a conventional member of the class. Typically, one would expect to
see a one sided jet coming out of the core, while in this case there appears to be
jet emission all around the core. Precession, observed in other radio sources (e.g.,
SS 433; Dubner et al. 1998), provides a simple explanation for this unconventional
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morphology from a blazar. If the jet is directed exceptionally close to the line of
sight, any precession would make the jet appear to spiral around the core instead of
producing the more familiar core-jet morphology typically exhibited by blazars. The
structure observed in J16021+3326 (Fig. 4.1) is consistent with knots moving along
a spiraling jet and/or foreground hotspot projection.
J16021+3326 does display two non-blazar-like characteristics since it both appears to lack broad-line emission and it is optically extended (i.e., not a core dominated optical quasar). The ﬁrst of these appears to be a non-issue since the spectral
classiﬁcation is not well supported in the literature, and yields a second reason a
spectrum of this source should be observed and published in the future. As far as
the optical classiﬁcation, there are other examples of sources optically classiﬁed as
galaxies exhibiting blazar like behavior in the radio (e.g., 3C 111 which exhibits superluminal motion and high variability; Cohen et al. 2007). It is possible this source
is obscured by dust in the optical, but unaﬀected at radio wavelengths.

4.5

Conclusions

Analysis of multi-frequency (5, 8, and 15 GHz) VLBA data show a compact, ﬂatspectrum (α ∼ -0.05) component that we identify as the core of J16021+3326 surrounded by steeper-spectrum (α ∼ -0.5 to -1.0) polarized regions of emission. Also,
data from the OVRO candidate gamma-ray blazar monitoring program reveal a relatively high level of variability (15.5% peak-to-peak and 4.2% RMS over a two year
period). This evidence, coupled with the detection of polarization in most components other than the core, indicate that J16021+3326 is a blazar. The peculiar
structure observed is possibly due to the jet, presumably pointed close to the line of
sight, precessing around and tracing out a spiral on the sky.
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Table 4.1. VLBA Observations of J16021+3326.
Freq.

Date

(GHz)

Time

BW

(minutes)

(MHz)

Pol.

IFs

Peak

rms

(mJy beam−1 )

(mJy beam−1 )

4.8447

2007 Feb 19

24.9

32

4

4

685.06

0.15

8.3447

2007 Feb 19

26.9

32

4

4

507.36

0.15

15.138

2007 Feb 19

90.8

32

4

4

319.62

0.11

Table 4.2. 8-15 GHz Spectral Index of Various Components of J16021+3326
Component

Spectral Index (α)†

RMS‡

A1

-0.54

0.08

A2

-0.05

0.07

B

-0.75

0.07

C

-1.05

0.11

D

-0.97

0.35

F

-0.79

0.72

† Here

we use the convention of Fν ∝ ν α

and α is averaged over the component using
the 8 & 15 GHz data.
‡ This

is the RMS of α for the averaged

area.

4.6

Acknowledgments

The National Radio Astronomy Observatory is a facility of the National Science
Foundation operated under cooperative agreement by Associated Universities, Inc.

Chapter 4. Radio Source J16021+3326

129

Figure 4.1 VLBA observations from 2007 February of J16021+3326 at frequencies
of (from top to bottom) 4.845, 8.345, and 15.137 GHz. Contour levels begin at 0.5
mJy, 0.5 mJy and 0.3 mJy respectively and increase by factors of 21/2 . All three of
these images have been convolved with the 5 GHz beam to enable easy comparison
at matched resolution (see §4.2 for beam size) . The various components, A through
F, have been labeled on the 4.845 GHz image, ordered such that subsequent letters
correspond to decreasing peak ﬂux density.
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Figure 4.2 A zoomed in view of the VLBA observations from 2007 February of
J16021+3326 at frequencies of (from top to bottom) 4.845, 8.345, and 15.137 GHz.
Contour levels begin at 0.35 mJy, 0.4 mJy and 0.3 mJy respectively and increase by
factors of 21/2 and beam sizes can be found in §4.2. The grayscale shows the details
of the emission between 0 and 5 mJy.
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Figure 4.3 Optical r-band image of J16021+3326 (center of ﬁeld). This image was
taken with the Palomar 200” telescope over ﬁve 300s exposures in July 2008. The
central 1.1” has a ﬂux density of 0.73 µJy, while the entire galaxy, integrated over a
3.6” aperture, has a ﬂux density of 1.4 µJy. Imaging and interpretation provided by
R.W.R and S.E.H.

Chapter 4. Radio Source J16021+3326

132

Figure 4.4 Multifrequency observations of J16021+3326; 5 GHz contours overlaid
on an 8-15 GHz spectral index image. The ﬂat-spectrum (α ≈ −0.05) compact
component likely identiﬁes the core of the source.
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Figure 4.5 Uncorrected polarization electric ﬁeld (E ) vectors from one of the two
averaged IF pairs at 15 GHz overlaid onto 15 GHz total intensity contours. The
vector lengths are proportional to the polarized ﬂux density, and 1 mas = 7.58×10−4
Jy/Beam. Contour levels begin at 0.6 mJy and increase by factors of 21/2 . This is
an example of how polarization was detected throughout the source, although the
exact positions were frequency dependent.
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Figure 4.6 Rotation measure map computed from polarization angles measured at
three frequencies overlaid onto 15 GHz contours. Contour levels begin at 0.3 mJy
and increase by factors of 21/2 . The inset shows the corrected polarization angle of
the magnetic ﬁelds (B ) of the source.
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Figure 4.7 OVRO 40m 15 GHz light curve for J16021+3326 (bottom, in Jy). Shown
for reference are scaled and arbitrarily oﬀset light curves for three stable-ﬂux density
sources DR 21, 3C 286, and 3C 48. The reference curves were scaled to the same median ﬂux density as J16021+3326, then oﬀset for display. Dashed lines indicate the
median of each light curve. Slow variation seen in the ﬂux density of J16021+3326
(15.5% peak-to-peak, 4.2% RMS ) is greater in magnitude than the systematic ﬂuctuations observed in the stable sources (6%-9% peak-to-peak, 1.2-1.7% RMS). Data
and plot provided by J.L.R., but statistical analysis performed by S.E.T.
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Conclusions
We now know there are at least 24 CSOs, and possibly up to 57, within the VIPS
sample comprising 2%-5%. If only ten of the remaining candidates are conﬁrmed,
a conservative estimate, 3% of the VIPS sources were CSOs which is on the low
end of previous studied samples, but the signiﬁcance here is greater since the parent
sample is a large complete sample. Within this sample there are several particularly
interesting results. For the ﬁrst time, we see a morphology and luminosity distinction
is observed for CSO analogous to the FR-I/FR-II distinction in larger radio galaxies,
that is lower luminosity sources (L5GHz ≤ 2 × 1025 W Hz −1 ) are brightest at the core
and then fade out as the jets extend while higher luminosity sources (L5GHz ≤ 2×1025
W Hz−1 ) have distinct working surfaces at the end of the jets are edge-brightened.
The polarized CSOs discovered in VIPS doubles the number currently known,
and helps shed some light on these important sources. Since the polarized emission
is always observed in the brighter lobe and the luminosity ratio of the lobes in
3/4 of these sources are unusually high it is likely that these polarized lobes are not
exactly in the plane of the sky and are in fact directed slightly towards us. If Faraday
depolarization in the torus is responsible for the general lack of polarized CSOs, then
it’s possible that the polarized ones ﬁt nicely into the line of sight aspect of uniﬁcation

Chapter 5. Conclusions

137

theory (Fig. 5.1). However, since the population is so small we cannot yet rule out the
possibility that there exists slab of the Faraday screen with either a smaller optical
depth or coherent magnetic ﬁelds through which the observed polarized emission is
traveling.
Using the VIPS CSOs, we can clearly state that in terms of redshift CSOs and
FSRQs are separate populations with a K-S test p-value of 3.25 × 10−12 . While
further work needs to be done, such as Monte-Carlo simulations, to determine if this
is a selection eﬀect or not it is satisfying to be able to start this type of analysis on
the CSO population.
The stalled growth observed in J11584+2450 is a unique example of a radio
galaxy interacting with its ambient environment on parsec scales. It also highlights
the fundamental oversimpliﬁcation made when determining kinematic ages of these
sources. Since the ambient environment can obviously eﬀect hotspot expansion, using
a linear extrapolation back to a size of zero isn’t an accurate representation of the
age of any given source.
J16021+3326 highlights the importance of morphological follow up of GPSs and
CSSs. If studying young, or at least small, active galaxies is the goal then an unresolved spectral classiﬁcation clearly isn’t enough alone. Similarly I think a disservice
is done when observations to discover new CSOs are tailored to increase the success
rate. At least until we understand the general properties of these sources better disqualifying sources based on ancillary data, such as detected polarization, will yield
misleading results and lead to an incomplete understanding.

5.1

Future Work

Follow up VLBA observations of the remaining CSO candidates which were not
detected at 15 GHz, but at a higher bandwidth (≥2GHz), will quickly improve our
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understanding of the CSO population by removing most of the ambiguity of the
candidates. Detailed analysis of the FR-I/FR-II sub-populations with the VIPS
CSOs will help to explain the diﬀerent physics occurring in these sources.
Since the four known polarized CSOs might have direct ties into understanding AGN uniﬁcation, more work needs to be done on these sources. In particular,
studying the variability and persistence of the polarized emission will aid our understanding of orientation eﬀects within polarized CSOs.
As discussed, the kinematics of CSOs is poorly understood. Additional multiepoch VLBA observations of the VIPS CSOs along with the data already in hand
could be utilized to learn about hotspot acceleration in these sources. This would
provide insight into their actual expansion rates as a function of source size and
luminosity. This would also yield more data about environmental interactions and
their eﬀects on source structure.
Observing H I in absorption around these CSOs could help us understand the size
and structure (e.g. smooth, clumpy, etc.) of the circumnuclear torus (see Appendix
A). A student project attempted to directly observe H I absorption towards three
VIPS CSOs (J09062+4636, J12201+2916, J12545+1856) but unfortunately there
were no detections.
Recurrent sources such as ’double-double’ radio galaxies (DDRG; Schoenmakers
et al. 2000) oﬀer insight on the other end of AGN life-cycle. These sources have
at least two discrete epochs of emission suggesting episodic jet emission with a duty
cycle of a few times 108 years (Marconi et al. 2004). There is also one known
example of a triple-double, exhibiting three distinct periods of symmetric emission
(B0925+420; Brocksopp et al. 2007). These sources are also a unique tool for
studying how jets propagate through diﬀerent media, since the inner lobes of some
DDRGs clearly possess edge brightened working surfaces.
If AGN are episodic and CSOs indicative of a new outburst of activity, there might
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me some CSOs surrounded by older emission from a previous outburst. In fact, there
are at least three CSOs which show relic emission on larger size scales (B0108+388;
Baum et al. 1990, B0402+379; Maness et al. 2004, B1245+676; Marecki et al. 2003).
This relic emission is steep-spectrum so 1.4 GHz observations are typically used for
detection. A lower resolution, high sensitivity instrument, such as the Expanded
Very Large Array, would be well suited for detecting any relic emission that might
be surrounding the VIPS CSOs. Adding to the small number of CSOs with detected
relic emission, in particular CSO that are DDRGs, is necessary in order to perform
any statistical analysis of these sources. Properties such as the spatial separation of
the multiple lobes, spectral index changes between the lobes, fractional brightness of
the new and old emission, and alignment of the two (or more) axes could be studied
if a larger sample existed. These observations would also verify whether or not there
was any extended emission connecting back to the source, particularly in the FR-I
type CSOs where a working surface isn’t observed.
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Figure 5.1 A diagram showing how polarized CSOs might ﬁt into the AGN uniﬁcation
paradigm. Since the brighter lobe in all four know sources is where polarization is
observed it is possible the brightness is a result of mild doppler boosting indicating
the brighter lobes are partially oriented toward us and might not have the Faraday
screen of the torus between them and ourselves.
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VLBA Observations of H I

in the

Archetype Compact Symmetric
Object B2352+495
The contents of this chapter were published in a modified form as Araya et al, 2010,
AJ 139, 17

1

. Used with permission

Abstract:
B2352+495 is a prototypical example of a Compact Symmetric Object
(CSO). It has a double radio lobe symmetrically located with respect to a
central flat spectrum radio core (the location of the AGN) and has a physical extent of less than 200 pc. In this work we report VLBA observation
of 21 cm H I absorption toward B2352+495 to investigate the properties
of this remarkable radio source, in particular, to explore whether the radio
emission can be confined by circumnuclear material (frustration scenario)
1 My

contribution to this work was primarily in helping to generate Table 1 and general
discussion about CSOs and their environments, particularly the size and composition of
the circumnuclear torus.
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or whether the source is likely to be young. We confirmed the two H I absorption features previously detected toward B2352+495 – a broad line
nearly centered at the systemic velocity of the galaxy and a narrow redshifted component. The atomic gas from the broad absorption component
is likely associated with circumnuclear material, consistent with the current paradigm of clumpy H I distribution in toroidal structures around
supermassive black holes.

A.1

Introduction

Compact Symmetric Objects (CSOs) are characterized by compact bright radio emission at scales < 1 kpc with lobes on both sides of a central engine (Wilkinson et
al. 1994). CSOs tend to be associated with bright elliptical galaxies, although some
appear to be associated with quasars and even spiral galaxies (Readhead et al. 1996;
Augusto et al. 2006; Perlman et al. 1996). Many CSOs have an overall GigaHertzPeaked Spectrum (GPS), and the cores are often undetected (Taylor et al. 1996).
CSOs are very luminous radio sources, signiﬁcantly brighter (by more than a factor of 10) than the luminosity threshold between FR I and II radio galaxies (i.e.,
∼ 2 × 1025 W Hz−1 sr−1 at 178 MHz, Fanaroﬀ & Riley 1974; Readhead et al. 1996).
It has been proposed that the small source size could be caused by “frustration” of
the radio jets, which fail to escape from a dense galactic medium (e.g., van Breugel
et al. 1984; O’Dea et al. 1991; De Young 1993). However, a diﬀerent scenario is
currently preferred: CSOs may be young progenitors (.103 – 105 years) of powerful
extended radio sources (e.g., Phillips & Mutel 1982; Augusto et al. 2006; Augusto
2007). Based on XMM-Newton observations of ﬁve CSOs, Vink et al. (2006) found
that their absorption column density (NH ∼ 1022 cm−2 ) is on average greater than
that of broad-line radio galaxies, but similar to column densities observed toward
narrow-line and other types of radio galaxies (NLRGs, RG; see Sambruna et al. 1999
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for deﬁnitions). These results argue against the frustration scenario because much
higher X-ray absorption column densities than found by Vink et al. (2006) are
expected if the expansion of the radio jets were conﬁned (see also Guainazzi et al.
2006). In contrast, the dynamical age of CSOs measured from the expansion velocity
of hotspots in the radio lobes supports the youth hypothesis (Taylor et al. 2000,
Polatidis & Conway 2003). The youth interpretation is also supported by limits on
molecular gas content (O’Dea et al. 2005), H I observations (Pihlström et al. 2003),
and under-luminous O III line emission (Vink et al. 2006).
The study of CSOs is therefore fundamental for the understanding of the formation and evolution of radio galaxies. In addition, CSOs are good candidates to
investigate the fueling of supermassive black holes given that the compact radio
emission enables very high angular resolution observations of circumnuclear gas via
absorption studies. In this work we report high sensitivity and high angular resolution observations of H I toward B2352+495; an archetype of the CSO class.

A.1.1

H I Absorption in Compact Symmetric Objects

According to Curran et al. (2008), H I absorption associated with sources at redshifts
greater than ∼ 0.1 has been detected toward 37 sources, 13 of them classiﬁed as CSOs,
GPS, or HFP (High Frequency Peaked) sources. An overview of H I absorption in
compact radio sources was published by Vermeulen et al. (2003a). They report an
H I detection rate of 33% based on Westerbork Synthesis Radio Telescope (WSRT)
observations of 59 sources (i.e., 19 detections). Of the 59 sources, 11 were classiﬁed as
CSO by Augusto et al. (2006) and Polatidis & Conway (2003). From this subsample
of 11 CSOs, 6 (54%) show H I absorption. Other studies show similar results, e.g.,
Peck & Taylor (2001) report a CSO H I detection rate of ∼ 50%, and Gupta et
al. (2006) report a detection rate of ∼ 45% in GPS sources (see also Vermeulen
2002).
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The optical depth range of the 6 CSOs with H I absorption from Vermeulen et
al. (2003a) is 0.2 to 1.7%, with linewidths between 13 and 297 km s−1 and column
densities between 2.8 × 1019 and 2.6 × 1020 cm−2 . To estimate H I column densities,
Vermeulen et al. (2003a) assumed that the atomic gas was uniformly covering the
radio continuum (covering factor of 1) and a spin temperature of 100 K, that may
underestimate the spin temperature by more than an order of magnitude if the gas
were located at parsec-scales from the AGN. Thus, the column densities reported by
Vermeulen et al. (2003a) are lower limits.
Including the results reported in this work, H I imaging at high angular resolution
has been reported toward ﬁve CSOs (Table 1). We also list in Table 1 all non-CSO
AGN and starbursts that have been imaged at high angular resolution in H I , i.e.,
in interferometric observations using baselines greater than 100 km. In the rest of
this section we review the most salient characteristics of the CSOs that have been
studied in H I at high angular resolution:
— B1946+708: High angular resolution H I observations were conducted by Peck
et al. (1999; see also Peck & Taylor 2001). They found extended and multi-peaked
absorption throughout the radio continuum source. The peak optical depths range
between 3 and 7%. The maximum column density (NHI ∼ 3 × 1023 cm−2 ; Peck &
Taylor 2001) was found toward the AGN core, which also shows the greatest velocity
dispersion (F W HM ∼ 350 km s−1 ). The extent of the H I absorption in B1946+708
implies that the atomic gas is tracing a thick torus (thickness > 80 pc).
— 4C 31.04: The host galaxy is a bright elliptical at z = 0.0592. It was classiﬁed as
CSO based on VLBI continuum observations that revealed a double radio lobe with
a ﬂat spectrum radio core (Cotton et al. 1995; Giovannini et al. 2001, Giroletti et
al. 2003; see also Augusto et al. 1998). Detection of H I in 4C 31.04 was reported by
Mirabel (1990) based on Arecibo observations. Mirabel (1990) found two absorption
features, a broad (FWHM = 133 km s−1 ) component and a double peaked narrow
component (FWHM = 6 and 16 km s−1 ) redshifted approximately 400 km s−1 from
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the optical velocity. Subsequent VLBI observations by Conway (1999) showed that
the broad line covers one of the radio lobes and just partially the second, indicating a
sharp edge of the atomic gas torus. The narrow component is detected toward both
radio lobes. The maximum optical depth of the lines is ∼ 5 to 7%. Mirabel (1990)
interpreted the narrow absorption as being caused by clouds similar to high velocity
H I clouds in our Galaxy.
— 4C 37.11: In contrast to the two previous CSOs, H I in 4C 37.11 has been detected
only toward one of the radio lobes. The absorption is characterized by two broad
(FWHM>100 km s−1 ) H I features from two separated (in line-of-sight and velocity)
clouds. The peak optical depth of the H I lines is ∼ 2%. Rodrı́guez et al. (2009)
concluded that the H I absorption likely originates in a thick circumnuclear torus.
— PKS 1413 + 135: As in 4C 37.11, H I absorption is detected only toward one radio
lobe (Perlman et al. 2002). The H I optical depth is τ ≈ 1 and the line is quite
narrow, between 16 and 18 km s−1 . Perlman et al. (2002) concluded that the H I
absorption is likely from a giant molecular cloud in the outer disk of the host galaxy.
Although PKS 1413 + 135 was classiﬁed by Perlman et al. (1996) and Gugliucci et
al. (2005) as a CSO, it has several characteristics that diﬀer form a typical CSO.
In particular, it was originally classiﬁed as a BL Lac object based on its optical
spectrum (Bregman et al. 1981), the nucleus dominates by more than 50% of the
total cm ﬂux density, the radio emission is variable, and the host appears to be a
spiral galaxy (see Perlman et al. 1996).
Finally, two additional sources (B1934−638 and 4C 12.50) are worth discussing
in detail. B1934−638 is a compact-double GPS source that has been classiﬁed as a
CSO (Augusto et al. 2006), however, no ﬂat-spectrum radio core has been detected
(Tzioumis et al. 2002). Even though no H I imaging has been reported at high
angular resolution, the H I absorption is against the compact radio continuum as
shown by detection of absorption with three baselines of the LBA (Véron-Cetty et
al. 2000). The absorption is narrow (FWHM = 18 km s−1 ) and redshifted 260 km
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s−1 from the optical systemic velocity, thus, the H I is probably not located in the
nuclear region of the galaxy. We include B1934−638 in Table 1 although no VLBI
H I imaging is available and the radio core has not been detected.
In the case of 4C 12.50, high angular resolution H I absorption observations were
reported by Morganti et al. (2004). They found H I absorption against a weak
counterjet and concluded that the H I likely traces a jet/cloud interaction and not a
circumnuclear torus or disk. This source was classiﬁed as a CSO by Lister et al. (2003)
despite several atypical characteristics. For instance, while the 1.3 GHz continuum
image reveals a S-shaped distribution with a total extend of ∼ 300 pc (Morganti et
al. 2004), the 15 GHz VLBA observations are consistent with a core-jet morphology
plus a weak counterjet (i.e., inconsistent with the typical symmetrical morphology
of CSOs). 4C 12.50 has no clear hotspots, it is classiﬁed as a CSS (Compact Steep
Spectrum), the radio jet exhibits superluminal motions, some isolated features have
unusually high (∼ 60%) linear polarization in comparison to other CSOs, and more
importantly, there appears to be continuity between the ∼ 300 pc compact radio jets
and large scale (> 10 kpc) radio lobes (Stanghellini et al. 2005). Therefore, we do
not consider 4C 12.50 a bonaﬁde member of the CSO class (see Table 1).

A.1.2

B2352+495: An Archetype Compact Symmetric Object

B2352+495 has been studied in detail by a number of authors (e.g., Readhead et
al. 1996, Taylor et al. 1996); in this section we summarize the characteristics of this
object:
Radio Continuum: The most salient property of B2352+495 is its highly symmetric morphology at radio wavelengths. It exhibits an S-shaped morphology with a
total extent of ∼ 120 pc (Readhead et al. 1996). High angular resolution radio continuum observations from 610 MHz to 15 GHz reveal symmetric hotspots and lobes;

Appendix A. VLBA Observations of H I in the Archetype CSO B2352+495

148

remarkably similar to the morphology of FR II objects (but at much smaller scale).
The dynamical age of the system is ∼ 1200 yr based on proper motion studies of the
hotspots in the radio lobes (Taylor et al. 2000). Taylor et al. (1996) detected the radio
core of the system, i.e., the putative location of the central engine. The core is approximately located symmetrically between the radio lobes, and drives a collimated
jet that is brighter toward the northern side of the core. The radio jet is detected
up to the brightest radio emission in the system (B1 and B2; Taylor et al 1996; see
also §3) which is also located between the two radio lobes. The hotspots in the radio lobes show no superluminal motion (Conway et al. 1992). Multi-frequency VLA
observations give fractional polarization limits of < 1% for this source (Rudnick &
Jones 1983). The radio spectral energy distribution of B2352+495 peaks at ∼ 1 GHz,
thus by deﬁnition, it is a GPS object (Conway et al. 1992). The total ﬂux density
of B2352+495 shows only modest (. 20%) variability on time scales of months; no
systematic long term variability was found over a period of ∼ 15 years (Waltman et
al. 1991; Conway et al. 1992). The radio luminosity is ∼ 1026 h−2 W Hz−1 (νo =5 GHz
at the emitted frame), i.e., some 20 times brighter than the luminosity boundary
between FR Is and FR IIs (Readhead et al. 1996).
Optical/Infrared Counterpart: B2352+495 was not detected by IRAS to sensitivity
limits well below the corresponding luminosity of Arp 220 (at the redshifted frequency), thus B2352+495 is signiﬁcantly less luminous than ultra-luminous infrared
galaxies (Readhead et al. 1996). Snellen et al. (2003) conducted imaging and spectroscopic optical observations of B2352+495. They found that the radio source resides in
an optical host in the fundamental plane of elliptical galaxies, i.e., the host is a normal
elliptical. Snellen et al. (2003) report a redshift of 0.23790±0.00016, stellar velocity
dispersion of 201±17 km s−1 , and an eﬀective radius of 1.6′′ ±0.3′′ (5.8±1.1 kpc).2
Based on the stellar velocity dispersion, the mass of the supermassive black hole at
the center of B2352+495 is of the order of 108 M⊙ . The absolute magnitude of the
2 At

a redshift of 0.23790, 10 mas correspond to 36.3 pc assuming a cosmology of H0 =
73.0 km s−1 Mpc−1 , Ωmatter = 0.27, Ωvacuum = 0.73.
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galaxy is MV = −19.8 with an apparent magnitude of mV = 20.1 (Readhead et
al. 1996). The optical luminosity of B2352+495 is ∼ 0.35 L∗ , which is smaller than
the typical optical luminosity of Classical Doubles (FR IIs; L ∼ L∗ ; Owen & White
1991) and cD galaxies (L ∼ 5 − 10 L∗ ; Schechter 1976). The absence of Balmer lines
and strong blue continuum in the spectrum demonstrates no starburst activity. In
contrast, a number of emission lines are detected typical of active elliptical galaxies
(Readhead et al. 1996). The AGN contribution to the total optical continuum is
. 10% (Snellen et al. 2003).
X-Ray Properties: High sensitivity XMM-Newton observations of B2352+495 were
conducted by Vink et al. (2006). They detected an X-ray source with a luminosity
of 4.6×1042 erg s−1 (2−10 keV band, ignoring absorption). Based on the X-ray detection, they estimated an intrinsic absorption column density of (0.66±0.27)×1022 cm−2 ,
which is similar to the column densities found toward extended radio galaxies.
Prior H I Observations: Absorption of the H I transition in B2352+495 was ﬁrst
detected by Vermeulen et al. (2003a) based on WSRT observations. The H I absorption in B2352+495 consists of a broad line (FWHM = 82 km s−1 ) and a redshifted
narrow component (FWHM = 13 km s−1 ). The peak ﬂux density of the two absorption components is similar (∼ 40 mJy). Preliminary results of the data reported in
this paper were discussed by Vermeulen (2002).

A.2

Observations

Very long baseline interferometer (VLBI) observations were conducted on December
01 and 02, 1997, with the NRAO Very Long Baseline Array (VLBA3 ) and the WSRT.
The data were correlated with the VLBA correlator at the P.V.D. Science Operations
3 The

VLBA is operated by the National Radio Astronomy Observatory (NRAO), a
facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc.
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Center in Socorro, New Mexico. The target source (B2352+495) was observed during
approximately 8.5 hours each day (∼ 17 hours total) in the 21 cm H I transition
(ν0 = 1420.406 MHz) which is redshifted to a sky frequency of νsky = 1147.40 MHz (z
= 0.23790±0.00016, Snellen et al. 2003; VHel = 71321±48 km s−1 , optical deﬁnition).
We observed with a bandwidth of 8 MHz, 1024 channels, dual circular polarization,
and an initial channel width of ∆ν = 7.8 kHz smoothed to a spectral resolution of
15.6 kHz (4.1 km s−1 ). Only eight of the ten VLBA antennas were used because of
RFI ﬁlters that block access at Fort Davis and Kitt Peak. We observed 3C84 for
bandpass calibration.
All data reduction was done in the NRAO package AIPS using standard VLBA
spectral-line calibration procedures. The WSRT data were signiﬁcantly aﬀected by
RFI and we decided not to use them after careful inspection of the results obtained
including and excluding WSRT. We used line-free channels of the B2352+495 observations for fringe ﬁtting. A continuum data set was obtained by averaging the linefree channels of the visibility ﬁle; the continuum data were used for self-calibration.
The absolute astrometry of the data was therefore lost, and we simply assign the
radio continuum peak to the phase tracking center (RA = 22h55m 09.4581s , Decl. =
+49◦ 50′08.340′′ , J2000).
Given the non-standard frequency of the observations, a reliable ﬂux density
calibration using the Tsys method was not possible, thus we scaled the ﬂux density
to a total radio continuum emission of 2.55 Jy at 1.14 GHz. This value was obtained
by interpolating the ﬂux density measurements reported by Readhead et al. (1996).
The use of the Readhead et al. (1996) values to interpolate the ﬂux density is valid
because the radio emission is dominated by extended radio lobes (see below) and not
by a compact core (and thus it is less likely to exhibit strong variability). Despite
the uncertainty on the ﬂux density calibration, the peak ﬂux density values of the
narrow and broad H I lines detected in this work are very similar to those obtained
with WSRT (Vermeulen et al. 2003a). In addition, our discussion of H I absorption
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is based on opacity considerations, which are not aﬀected by systematic ﬂux density
calibration errors.
We transferred the self-calibration tables from the continuum data set to the
line ﬁle, and subtracted the radio continuum using the task UVLIN in AIPS. We
used a Brigg’s robust 0 weighting for the ﬁnal imaging that resulted in a θsyn =
8.3×6.7 mas (∼ 27 pc linear scale), PA = 0.5◦ , rms = 0.71 mJy beam−1 (in continuum)
and 7.1 mJy beam−1 (per frequency channel). All velocities reported in the paper are
in the rest frame of the CSO (assuming z = 0.23790) unless indicated otherwise.

A.3

Results

We detected both radio continuum and compact H I absorption in B2352+495. In
Figure 1 we show the H I spectrum (A); B shows the 1.14 GHz continuum and the
zero velocity moment (integrated intensity) map of the H I detection. The radio continuum has a symmetric S-shaped distribution that is consistent with previous radio
continuum images of the source (e.g., Wilkinson et al. 1994, Readhead et al. 1996,
Owsianik et al. 1999). H I absorption is only detected toward the brightest continuum emission close to the center of the CSO. In Figure 2 we show the optical depth
channel maps; only signal above 4σ in the continuum and H I data were used to
calculate the opacity.
The H I absorption spectrum has two features, a broad component (∆V>1σ =
102 ± 8 km s−1 , FWHM = 85 ± 4 km s−1 , Vpeak = −9.9 ± 1.6 km s−1 ) that is almost
centered at the systemic velocity of the galaxy (H I centroid Heliocentric velocity =
71307 ± 10 km s−1 ; systemic velocity VHel = 71321±48 km s−1 , optical deﬁnition),
and a narrow component (FWHM = 13 ± 2 km s−1 ) redshifted from systemic by
Vpeak = 129.9 ± 0.8 km s−1 . Our measurements are therefore consistent with those of
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Vermeulen et al. (2003a) within our velocity resolution.4

A.4

Discussion

As in the case of the H I gas associated with the nucleus of B1946+708 (Peck et
al. 1999), we estimate the H I column density assuming a covering factor of 1 and
a spin temperature of 8000 K, i.e., assuming that the H I gas is directly associated
with the AGN. Using the standard column density/opacity relation (e.g., Rohlfs &
Wilson 2000), we estimate a total column density of (5.2 ± 0.2) × 1022 and (7.3 ±
1.0) × 1021 cm−2 for the broad and narrow H I lines, respectively (only statistical
errors from the ﬁt were used to estimate the column density uncertainty). The
values are greater than the B2352+495 H I column densities reported by Vermeulen
et al. (2003a), however, as mentioned above, their values are lower limits because of
the assumption of uniform coverage of the radio continuum (which is not the case,
see Figure 1) and the assumption of a lower spin temperature (Tsp = 100 K). If the
H I clouds have physical dimensions comparable to the synthesized beam (note that
there appears to be structure in the opacity channels, Figure 2), then the H I density
would be between ∼ 102 and 103 cm−3 , corresponding to total H I masses of ∼ 2×105
and 3 × 104 M⊙ for the broad and narrow features, respectively.
If the H I absorption proﬁle of the broad component is the superposition of many
narrow H I features, and assuming a typical optical depth of τ = 0.04 for the narrow
features, then we could not have detected H I absorption (at a ≥3σ level) anywhere
except toward the brightest continuum region at the center of the CSO (i.e., the
region where H I absorption was indeed detected). This implies that, given our
sensitivity limit, our data do not set signiﬁcant constraints on the scale height of the
H I distribution.
4 We

note that there is a typo in the sky frequency of the narrow HI line in B2352+495
reported by Vermeulen et al. (2003a), it should read 1147.0 instead of 1147.2 MHz.
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As discussed below, we favor the interpretation that the broad H I component
is associated with rotation of a disk/torus around the supermassive black hole in
B2352+495. The detection of a narrow H I feature redshifted with respect to the
systemic velocity indicates infall. However, we cannot establish whether the H I
feature is associated with circumnuclear material or with a foreground H I cloud
in the host galaxy, e.g, whether it is located in the narrow-line region (NLR; e.g.,
B2050+364, Vermeulen et al. 2006) or associated with a high velocity cloud. We note
that other studies (e.g., van Gorkom et al. 1989, Peck & Taylor 1998, Conway 1999)
have also found evidence for infalling material in galaxies with compact radio cores
(see however Vermeulen et al. 2003a).
We now discuss the nature of the radio continuum having the H I absorption.
In principle, the brightest 1.14 GHz continuum source (located close to the center of
the two radio lobes, Figure 1) is suggestive of the active core, i.e., the location of
the supermassive black hole. However, comparing our continuum data with higher
angular resolution observations reveal a diﬀerent scenario. In Figure 3 (upper panel)
we show our 1.14 GHz continuum map superimposed on the 15.4 GHz observations
of Taylor et al. (1996). Both continuum data sets were self-calibrated, and thus no
absolute astrometry is available. To overlay the two images, we used an average
oﬀset computed from the peak in the northern and the southern radio lobe emission;
we assume that position shifts due to opacity eﬀects are small there, since their
measured separation is the same within the errors at 1.14 GHz and 15.4 GHz. The
brightest radio emission at the center of the radio lobes was not used to estimate the
oﬀset.
Taylor et al. (1996) found a compact radio source characterized by an inverted
spectral index (α = 0.14 ±0.3; Sν ∝ ν α ), which convincingly indicates the location of
the active core (see Figure 3). Assuming a ﬂat spectral index between 1 and 8 GHz,
the ﬂux density of the core at 1 GHz is ∼ 13 mJy. Our H I optical depth limit toward
the radio core is <0.1 (3σ). A prominent radio jet is detected to the north of the
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core, and a weaker counterjet to the south (Taylor et al. 1996; 2000). The northern
edge of the jet is coincident with the brightest 1.14 GHz continuum source reported
in this work, implying that the H I absorption is not against continuum from the
core, but radio emission from the jet. Among other possibilities, the detection of the
radio jet and weaker counterjet could be due to relativistic beaming (see Taylor et
al. [1996] for this and other interpretations). The H I absorption in B2352+495 is
thus similar to the absorption observed in B0402+379 (Rodrı́guez et al. 2009) and
NGC 4151 (Mundell et al. 1995, 2003) where H I is detected only toward one side of
the radio jet.
It is interesting to note that the radio continuum source toward which the H I is
detected (Figure 3) is the location where the radio jet begins to change its position
angle. This would suggest that, as for example in the case of 3C 236 (Conway 1999),
the H I absorption marks the location of a jet/cloud interaction responsible for
disturbing (and possibly bending) the jet. However, the B2352+495 morphology
is quite symmetric in both radio lobes which suggests that the deviation of the
radio jets is not due to local jet/cloud interactions but governed by the large scale
magnetohydrodynamical properties of the galactic nucleus. In the next section, we
propose a diﬀerent interpretation for the nature of the H I absorption in B2352+495.

A.4.1

Possible H I Velocity Gradient and Disk/Torus Interpretation

It is diﬃcult to reliably investigate the velocity ﬁeld of the broad H I line given
that the absorption is only detected toward the central continuum source and, as
shown in Figure 2, the velocity ﬁeld is complex. Nevertheless, a velocity gradient
may be present: the two channels with stronger absorption at velocities above 10 km
s−1 from systemic appear to have stronger absorption toward the west, whereas
most of the blueshifted absorption is stronger toward the east (velocity channels
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< −10 km s−1 from systemic, see Figure 2). Figure 4 shows the position-velocity
diagram of the broad H I absorption line in the east-west direction. As also seen in
the individual channel maps, there is a hint of a velocity gradient between blueshifted
and redshifted material. To illustrate the possible gradient, we show in Figure 3 (A)
the opacity channels that correspond to the rest frame velocities of 17.6 and −31.4 km
s−1 (Fig. 2).
The existence of a velocity gradient is tantalizing given that it is approximately
centered at the systemic velocity of the galaxy, and the position angle of the gradient
is almost perpendicular to the north-south jet, i.e., the H I gas could be tracing
some kind of rotating structure around the supermassive black hole. We explore
this hypothesis in the rest of this section, however, we stress that more sensitive
global-VLBI observations are required to conﬁrm the velocity gradient.
To investigate whether rotation around the supermassive back hole is physically
plausible, we followed the formulation presented by Rodrı́guez et al. (2009; see their
appendix). To model the H I rotating structure, we used the position and velocity
of the peak optical depth of the 17.6 and −31.4 km s−1 channels (Figure 2). The
position of the radio core (Figure 3 upper panel; see also Taylor et al. 1996) was
assumed to be coincident with the center of mass of the system. For a black hole
mass of 108 M⊙ (Snellen et al. 2003) and assuming circular trajectories coplanar with
the supermassive black hole, we obtain that the orbit of the H I clouds from the 17.6
and −31.4 km s−1 channels would have a radius of ∼ 20 pc with an orbital inclination of ∼ 65◦ with respect to the plane of the sky. Such an orbit is reasonable given
the expected distribution of atomic clouds around AGNs (e.g., Peck 2005). Similar
results are obtained in the case that the orbital plane of the H I clouds is not coplanar with the supermassive black hole but located above by distances of the order
of the projected separation between the AGN core and the H I absorption. This
estimate is clearly a zero-order approximation because non-radial inhomogeneities in
the gravitational ﬁeld due to stars and gas are neglected. In addition, the radius of
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inﬂuence of the supermassive black hole (rBH = GMBH /σ∗2 , where G is the gravitational constant, MBH is the mass of the black hole, and σ∗ is the stellar velocity
dispersion; e.g., Neumayer et al. 2007) is ∼ 10 pc, thus, the stellar mass enclosed by
the atomic gas is likely comparable to the black hole mass.
In Figure 3 (B) we show two possibilities for the nature of the H I distribution,
i.e., a thick torus (characterized by an H I scale height similar or greater than the
length of the radio source) or a thin (most likely warped, e.g., Pringle 1996) disk. The
obvious method to discriminate between these possibilities is to check whether there
is H I toward the southern radio lobe. However, as mentioned above, our optical
depth sensitivity limit does not set signiﬁcant constraints on the H I distribution,
i.e., clouds like those detected toward the brightest radio continuum emission could
be present throughout the region.
An indirect approach to discriminate between the models is to compare our observations with lower angular resolution data. As mentioned in §2, the peak ﬂux
density measured with WSRT (Vermeulen et al. 2003a) is approximately the same
peak intensity we measured with the VLBA (Figure 1) and the linewidths are also
consistent. Thus, in contrast to other systems where VLBI observations resolve/ﬁlter
out signiﬁcant H I signal (e.g., IC 5063, Oosterloo et al. 2000), the H I in B2352+495
is compact and mostly distributed along the central continuum source, i.e., consistent
with the thin disk interpretation.
The thin disk interpretation is also circumstantially supported by X-ray observations. Vink et al. (2006) reported a X-ray absorption column density of (6.6 ± 2.7) ×
1021 cm−2 , which is similar to the column density of the narrow H I component, but
several times smaller than the value of the broad line. If the H I absorption originates from an inclined (and warped) thin disk that does not substantially obscure
the AGN (Figure 3, B; see also Fig. 5 of Orienti et al. 2006) then as observed, the
column density toward the AGN derived from X-ray observations is expected to be
smaller than that of the neutral disk.
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We note that the thin disk interpretation does not necessarily imply a misalignment between the jet and the disk, i.e., the position angle of the jet changes as a
function of distance from the core (Figure 3) and the disk could be warped, thus, the
jet and disk could be perpendicular at (sub)parsec scales. In addition, given that the
detection rate of H I absorption in CSOs is ∼ 50% (see §1.1), it is certainly possible
that in some cases the atomic gas is distributed in a circumnuclear structure that is
seen in projection only toward one radio lobe/jet.
Assuming the orbital parameters from the thin disk model, we now explore the
stability of the H I disk with respect to gravitational fragmentation. We used the
Toomre stability formulation as presented by Gallimore et al. (1999), i.e.,

ΣHI
0.028NHI vrot
,
≃
Σc
rpc

(A.1)

where ΣHI is the atomic hydrogen surface density, Σc is the critical surface density
above which the disk is unstable to fragmentation, NHI is the H I column density
in units of 1021 cm−2 , vrot is the rotation velocity in km s−1 , and rpc is the orbital
radius in parsecs. In the case of B2352+495 we obtain ΣHI /Σc ∼ 10, thus, the disk
is expected to be unstable to fragmentation. We note that reducing the assumed
spin temperature by an order of magnitude would not signiﬁcantly modify this conclusion, i.e., ΣHI /Σc would still be ∼ 1. This simple stability test indicates that the
H I cannot be distributed in a homogeneous disk. Indeed, the opacity variations
from channel to channel (Figure 2) suggests that the H I gas is not homogeneously
distributed. We therefore concur with the standard schematic of clumpy atomic gas
around AGNs (e.g., Peck et al. 1999).
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Comparison with other High Angular Resolution Studies

In this section we discuss the properties of H I absorption in B2352+495 with respect
to other H I extragalactic absorbers that have been studied at very high angular
resolution (i.e., interferometric observations with baselines > 100 km; Table 1). As
is clear from Table 1 and the discussion in §1.1, high angular resolution observations
of H I in CSOs reveal that the absorption does not trace a speciﬁc kind of cloud,
instead, the absorbing clouds appear to be in quite diﬀerent locations throughout
the host galaxy, from infalling high velocity clouds and giant molecular clouds at
kiloparsec scales, to torus and disks closer (. 100 pc) to the nucleus.
Only two of the ﬁve CSOs imaged at high angular resolution exhibit H I absorption toward both radio lobes (Table 1; B1934−638 has not be imaged at high
angular resolution, see §1.1). In general (four out of six, Table 1), CSOs studied at
high angular resolution are characterized by a broad (∆V & 100 km s−1 ) H I absorption component, and tend to be multi-peaked, with narrow (∆V < 100 km s−1 )
lines detected in ﬁve of six cases.
High angular resolution observations of H I toward non-CSO radio galaxies (Table 1) show a similar trend as the CSOs counterparts, i.e., the H I absorption appears
to trace a variety of environments, from disks directly associated with the AGN to
clouds at kiloparsec-scale distances from the active nucleus. An apparent diﬀerence
is the occurrence of H I clouds interacting with radio jets. In the case of several
non-CSO with double jet/lobe radio emission, the H I appears to trace regions of
interaction between atomic gas and radio jets, whereas such an interpretation has
not been preferred in any of the CSOs imaged in H I at high angular resolution. This
trend does not appear to be due to bias of the researchers but, in most cases, seems
due to real diﬀerences in the samples. For instance, the H I absorption associated
with tori/disks in CSOs is found very close (. 100 pc) to the radio core, close to the
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systemic velocity, and/or has evidence of rotation. Conversely, the H I in non-CSO
double jet/lobe sources with possible jet/cloud iteration is found at larger distances
from the core (& 500 pc), shows no evidence of rotation, and/or has signiﬁcantly different velocity from systemic. Although a more robust statistical sample is needed
to achieve strong conclusions, the apparent absence of H I interaction with the radio
jets supports the current view that CSOs are young radio galaxies instead of being
conﬁned by dense circumnuclear material as proposed in the frustration scenario.
Arguments for the youth scenario are mostly based on the overall radio continuum
properties of the sources, power budget estimates of the jets, expansion velocities,
and properties of the nuclear molecular/atomic gas. CSOs lack strong extended
radio emission related to energy deposited by the jets over long periods, and VLBI
studies reveal proper motions that imply short dynamic ages (of the order of 103 yr,
e.g., Gugliucci et al. 2005). In addition, if the advance of the radio lobes would be
truly frustrated, then for them to be in ram-pressure equilibrium the density of the
surrounding medium should be above 102 cm−3 . However, if the high density material
is conﬁned to a disk/torus then the frustration scenario is not viable. B2352+495 has
evidence of being a young source based on all these arguments: it has no detected
extended radio emission, the expansion velocity implies a dynamic age of ∼ 1200 yr
(Taylor et al. 2000), and, as discussed above, the high density atomic gas appears
to be distributed along a disk or torus which does not interact with the radio jet.
Hence, the evidence favors the youth interpretation in this case.

A.5

Summary

We report high angular resolution (θsyn ∼ 8 mas) observations of H I in the CSO
B2352+495. We detect two absorption features: a broad line almost centered at the
systemic velocity of the host galaxy, and a redshifted narrow line indicating infall.
Both lines are seen in absorption against the radio continuum of the central radio
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source of the CSO, which is the brightest continuum source in the region at the
observed frequency. The radio continuum originates from the radio jet and not from
the core.
In the case of the narrow H I component, our data cannot establish the location
of the H I cloud with respect to the AGN, i.e., the radial distance of the cloud to
the galaxy center is unknown. On the other hand, the broad component is likely
tracing circumnuclear material close (< 100 pc) to the AGN. Even though we cannot
constrain the scale height of the H I gas, the broad H I absorption could originate
from a clumpy circumnuclear disk.
All available data suggest that B2352+495 is a young radio source and not an
older source whose radio lobes have been conﬁned by high density circumnuclear
material. Hence, this work supports the study of CSOs as a key to understand the
origin of extended radio galaxies.
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Table A.1. H I Observations of AGN and Starbursts at High Angular Resolution∗
HI Detectiona

Galaxy

Line Profileb

HI Locationc

Ref.

1. Compact Symmetric Objects
4C 31.04, B0116+319, J0119+3210

Both lobes

N, B, M

AGN torus +

1

4C 37.11, B0402+379, J0405+3803

One lobe

B, M

AGN torus

OQ +122, PKS 1413+135, J1415+1320

One lobe

N

GMC in kpc disk

3

N

Infalling HVC?

4

infalling HVC

B1934−638, PKS 1934−63, J1939−6342

···

‡

2

B1946+708, J1945+7055

Both lobes

N, B, M

AGN torus

5,6

B2352+495, J2355+4950

One lobe

N, B, M

AGN disk +

This

infalling cloud

work

2. Non-CSO Radio Sources: Double Jet/Lobe Systems as Imaged by VLBI
3C 49, B0138+136, J0141+1353

One lobe

NGC 1052, B0238−084, J0241−0815

Both radio jets

N, M

Nuclear and/or galactic? 8

Mrk 6, IRAS 06457+7429, J0652+7425

One side of jet

N

kpc disk

9

Hydra A, 3C 218, B0915−118, J0918−1205

Both jets+core

N, M

AGN disk

10

3C 236, B1003+351, J1006+3454

One lobe

B

Cloud/jet interaction

1

NGC 3894, B1146+596, J1148+5924

Lobes + core

N, M

AGN torus

11

3C 268.3, B1203+6430, J1206+6413

One lobe

N

Cloud/jet interaction

7

NGC 4151, B1208+396, J1210+394

One radio jet

N, M

AGN torus

12

NGC 4261, B1216+061, J1219+0549

Counterjet+core? N, M?

AGN disk

13

Mrk 231, IRAS 12540+5708, J1256+5652

Diffuse cont.

B

∼ 100 pc disk

14

Counterjet

B, M

Cloud/jet interaction

15

Both jets+core

B, N, M

Outer (8 kpc) and

16

4C 12.50, IRAS 13451+1232,

J1347+1217†

3C 293, B1350+3141, J1352+3126

N, M

Cloud/jet interaction

7

< 400 pc disk
NGC 5793, IRAS 14566−1629, J1459−1641

Both lobes

N, M

∼1 kpc torus?

17

NGC 5929, B1524+4151, J1526+4140

One lobe

N

AGN ring, or bar?

18

PKS 1814−63, J1820−6343

Both lobes

M, N

AGN disk +

19

Cloud/jet interaction?
IC 5063, B2048−572, J2052−5704

One lobe

TXS 2226−184, IRAS 22265−1826, J2229−1810 Radio jet

B, M

Cloud/jet interaction

20

B

Nuclear region,

21

cloud/jet interaction?
NGC 7469, B2300+0836, J2303+0852

Radio core

N

Nuclear or galactic?

22

PKS 2322−123, J2325-1207

One jet + core

B, M

AGN disk + infall?

23

NGC 7674, IRAS 23254+0830, J2327+0846

One lobe + core? B, N, M

AGN disk/torus

24
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Table A.1 (cont’d)
HI Detectiona

Galaxy

Line Profileb

HI Locationc

Ref.

3. Non-CSO Radio Sources: Single Jet + Core Systems as Imaged by VLBI
NGC 315, B0055+300, J0057+3021

One jet + core

N

Infalling cloud

25

NGC 3079, IRAS 09585+5555, J1001+5540

One jet + core

N,M

AGN torus

26

Cen A, NGC 5128, B1322−428, J1325−4301

One jet

N, M

kpc disk or rings

25

PKS 1549−79, B1549−790, J1557−7913

One jet + core

N

Nuclear region?

27

Cygnus A, IRAS 19577+4035, J1959+4044

Counterjet + core? B

Torus or 2 kpc ring

1

DA 529, B2050+364, J2052+3635

One jet + core

NLR/BLG (< 1 kpc)

28

Disk or ring

29

N, M

4. Non-CSO Radio Sources: Starbursts
NGC 2146, 4C+78.06, B06106+7822, J0618+7821 Starburst cont.
IC 694, Arp 299, Mrk 171, B1125+588, J1128+5834 Starburst cont.

B, N, M

250 pc disk

30

Mrk 273, B1342+5608, J1344+5553

Starburst cont.

B, M

Starburst cores

31

Arp 220, B1532+2339, J1534+2330

Starburst cont.

N, B, M

Disks in starburst cores 32

PGC 060189, IRAS 17208−0014, J1723−0016

Starburst cont.

B, N, M

Nuclear ∼ 1 kpc

Note. —

∗

···

33

Interferometric observations with baselines greater than 100 km. The sources are divided in four

groups, CSOs, non-CSO radio sources with detection of two radio jets or lobes in opposite sides of a central core,
non-CSO radio sources dominated by core-jet emission (although a weak counterjet may be detected, e.g., Cygnus
A, Conway 1999), and starburst galaxies.

(a)

Indicates whether HI absorption was detected towards all radio

continuum emission (both lobes and core, or starburst), or only towards one radio lobe.
lines (∆V > 100 km

s−1 )

is indicated with ‘B’, narrow lines (∆V < 100 km

s−1 )

(b)

Detection of broad

with ‘N’, multiple lines in the

spectrum (overlapped or otherwise) with ‘M’. (c) Most likely (or at least preferred) location of the HI material with
respect to the AGN as discussed in the reference paper, e.g., associated with a disk of torus within ∼100 pc from
the AGN, with giant molecular clouds (GMC) or high velocity clouds (HVC) at galactic (kiloparsec) scales.

(‡)

The HI distribution in this source has not been imaged with VLBI, however, the absorption is against the compact
radio continuum given detection of HI with three LBA baselines (Véron-Cetty et al. 2000; see also §1.1).

(†)

The

classification of 4C +12.50 is controversial, see §1.1. — References: 1. Conway (1999), 2. Rodrı́guez et al. (2009),
3. Perlman et al. (2002), 4. Véron-Cetty et al. (2000), 5. Peck et al. (1999), 6. Peck & Taylor (2001), 7. Labiano
et al. (2006), 8. Vermeulen et al. (2003b), 9. Gallimore et al. (1998), 10. Taylor (1996), 11. Peck & Taylor (1998),
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Figure A.1 A: H I absorption detected toward the compact symmetric object
B2352+495 after continuum subtraction. The systemic velocity of the system (VHel
= 71321±48 km s−1 , V = 0.0 km s−1 at the rest frame of the galaxy) is almost at the
centroid of the broad absorption feature.

Appendix A. VLBA Observations of H I in the Archetype CSO B2352+495

165

Figure A.1 B: Zero velocity moment(integrated intensity) of the H I absorption (grey
scale) and 1.14 GHz continuum (contours). The data were self-calibrated and thus
have no absolute astrometry; the radio continuum peak was assigned to the phase
tracking center (RA = 22h 55m 09.4581s , Decl. = +49◦ 50′08.340′′ , J2000). There is
no registration diﬀerence between the continuum and H I absorption.
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Figure A.2 Optical depth channel maps (rest frame velocity is given). The area
in each channel map corresponds to the central region of B2352+495 where H I
was detected (compare the synthesized beam size shown in the top-left panel with
the synthesized beam shown in Figure 1, B). Only H I absorption with absolute
magnitude greater than 4σ was used to calculate the optical depth.
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Figure A.3 A: Zoomed in image of the radio continuum in B2352+495 at 15.4 GHz
(grey scale; Taylor et al. 1996) and 1.14 GHz (contours; this work). Taylor et
al. (1996) found that the center of activity (radio core) is located ∼ 20 pc south
of the brightest 15.4 GHz radio continuum source. In red and blue we show the
H I optical depth channels that correspond to the rest frame velocities of 17.6 and
−31.4 km s−1 (see Figure 2; the opacity range of the red and blue channels is as in
Figure 2, i.e., 0.02 to 0.08). We found a tentative H I velocity gradient that is almost
perpendicular to the jet direction.
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Figure A.3 B: Two possible interpretations of the H I absorption in B2352+495:
a thick torus or a thin (possibly warped) disk. The red arrows represent the ﬂow
direction in the jets. The line of sight to Earth (shown with the symbol taken from
the VLBA/NRAO logo) is in the plane of the picture. Radio continuum from parts of
the jets directed more towards Earth will appear brightened due to Doppler boosting.
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Figure A.4 Position-velocity (P-V) diagram of the broad H I absorption component.
The P-V diagram is along a east-west position angle passing through the center of
the H I absorption (Figure 1). Absorption along the declination axis was averaged
to increase signal-to-noise.
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